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ABSTRACT 

T i t l e  of Thesis :  Direct Measurements of E lec t ron  Energy D i s r r i b u t i o n s  
i n  t h e  Daytime Ionosphere 

P h i l i p  T ,  Huang, Doctor of Philosophy, 1969 

Thesis  d i r e c t e d  by: R. T. B e t t i n g e r ,  A s s i s t a n t  P ro fes so r  of Physics  

The energy d i s t r i b u t i o n s  of e l e c t r o n s  i n  t h e  ionosphe r i c  plasma 

have been ob ta ined  f o r  t h e  energy i n t e r v a l  of 0 - 15 ev, from t h e  

u t i l i z a t i o n  of a p u l s e  probe operated i n  t h e  DC mode, 

were conducted aboard fou r  sounding r o c k e t s  (NASA 14.164, 18 -12 ,  14.298, 

and 18 -30) ,  launched from Wallops I s l a n d ,  V i r g i n i a  i n t o  normal daytime 

ionospheres.  

The experiments 

The observed r e t a r d e d  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  i n d i c a t e  t h e  

e x i s t e n c e  of two d i s t i n c t  d i s t r i b u t i o n s  i n  t h i s  energy range,  t h e  

thermal d i s t r i b u t i o n  and a secondary d i s t r i b u t i o n  extending t o  

approximately 8 ev a t  t h e  h i g h e r  a l t i t u d e s ,  w i t h  c h a r a c t e r i s t i c  

temperatures  of ?, 1.5 t o  2.5 x lo3  OK and 1 t o  3 x lo4 OK, r e s p e c t i v e l y .  

Both temperatures  are observed t o  i n c r e a s e  w i t h  i n c r e a s i n g  a l t i t u d e s  

i n  t h e  r eg ion  between % 120 and 240 km. 

The r e t a r d e d  probe c u r r e n t s  corresponding t o  t h e s e  two d i s t r i b u t i o n s  

are exponen t i a l  func t ions  of t h e  r e t a r d i n g  probe p o t e n t i a l .  No v a l l e y s  

o r  humps w e r e  observed t o  e x i s t  i n  t h e  secondary energy d i s t r i b u t i o n  

func t ion .  

va lues  of 150 - 200 e lec t rons / cm between % 150 and 240 km. 

The c o n c e n t r a t i o n  of secondary e l e c t r o n s  has  t h e  approximate 

3 

> 
A h igh  energy e l e c t r o n  component (E % 15 ev), i n  t h e  ambient plasma9 



w a s  observed t o  have con t r ibu ted  t o  t h e  t o t a l  probe cu r ren t .  The 

r e t a rded  probe c u r r e n t  from t h i s  d i s t r i b u t i o n  appears  as a l i n e a r  

func t ion  of t h e  r e t a r d i n g  probe p o t e n t i a l .  Analysis  of t h e  magnitudes 

and t h e  s l o p e s  of t h e  measured c u r r e n t  i n d i c a t e  c h a r a c t e r i s t i c  

ene rg ie s  of 

t h e  l a t te r  i n c r e a s i n g  wi th  i n c r e a s i n g  a l t i t u d e s .  

3 26 ev, wi th  a concen t r a t ion  between 5 - 14 e lec t rons /cm , 
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CHAPTER I 

INTRODUCTION 

The ionosphere is  a r eg ion  of i on ized  gases  c o n s i s t i n g  o f  t . l c r t r o n s  

and s i n g l y  charged i o n s ,  s t a r t i n g  a t  approximately 50 km above t h e  

e a r t h ’ s  s u r f a c e .  The s u b j e c t  of  product ion and l o s s  mechanisms, as 

w e l l  as t h e  dynamics of  t h e  plasma p a r t i c l e s  have up t o  t h e  present 

t i m e  occupied t h e  c e n t e r  s t a g e  i n  t h e  f i e l d  of i onosphe r i c  s t u d i e s .  

The global. network of ground based ionospher ic  sounders  

(ionosondes) has  provided t h e  bu lk  of t h e  present-day knowledge 

concerning t h e  a l t i t u d e ,  geographic  and t i m e  v a r i a t i o n s  of  t h e  f r e e  

e l e c t r o n s  p re sen t  i n  t h e  lower reg ions  of  t h e  ionosphere.  The commonly 

accepted c l a s s i f i c a t i o n  scheme which d i v i d e s  t h e  lower ionosphere i n t o  

va r ious  reg ions  ( t h e  D ,  E ,  and F given i n  t h e  o rde r  of  ascending h e i g h t )  

i s  based on t h e  observed a l t i t u d e  p r o f i l e  of t h e  e l e c t r o n  concen t r a t ion  

as determined by t h e  r e f l e c t i o n  of r a d i o  waves from t h e  bottomside 

sounder.  

The i o n i z a t i o n  of t h e  n e u t r a l  atmosphere produced by cosmic r ays  

is be l i eved  t o  occur  below approximately 70 km and t h i s  reg ion  h a s  been 

c a l l e d  t h e  C reg ion .  Above approximately 300 km,where t h e  peak of t h e  

e l e c t r o n  concen t r a t ion  is  u s u a l l y  observed,  t h e  d e n s i t y  p r o f i l e  f o r  

t h e  e l e c t r o n s  can no longer  be  obta ined  from t h e  

This  reg ion  has  been sometimes r e f e r r e d  t o  as t h e  tops ide  ionosphere 

and has  r ece ived  a g r e a t  d e a l  of a t t e n t i o n  from r e c e n t  experiments 

conducted aboard both  sa te l l i t es  and sounding rocke t s .  The Canadian 

s a t e l l i t e s ,  Alouet te  I and 11, f o r  i n s t a n c e ,  Conducted soundings from 

ground based ionosondes. 
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t he  tops ide  above t h e  reg ion  of peak d e n s i t y  using s i m i l a r  techniqut-.s as 

those employed i n  t h e  bot tomside soundings.  

The major source  of t h e  i o n i z a t i o n  t h a t  occurs  i n  t h e  D,  E ,  and F 

reg ions  of t h e  ionosphere 

r a d i a t i o n  of wavelengths less than approximately 2400 A. The inc iden t  

is  c u r r e n t l y  a t t r i b u t e d  t o  t h e  inc iden t  s o l a r  
0 

i n t e n s i t i e s  corresponding t o  some of t h e s e  ion iz ing  wavelengths depend 

very s t rong ly  on s o l a r  a c t i v i t y .  A s  a r e s u l t ,  w e  f i n d  t h a t  var ious  

ionospher ic  parameters such as temperature ,  d e n s i t y ,  and composition 

experience a s t r o n g  degree of s o l a r  i n f luence .  

For example, i n  t h e  D reg ion ,  which is  commonly loca ted  between 

approximately 70 and 85 km, t h e  o r i g i n  of t h e  observed i o n i z a t i o n  

i s  be l i eved  t o  be  H Lymanci (1215.7 A) r a d i a t i o n  dur ing  q u i e t  s o l a r  
0 

condi t ions .  However, dur ing  a s o l a r  f l a r e  t h e  l a r g e  i n c r e a s e s  of 

x-rays i n  t h e  2 t o  8 A  wavelength i n t e r v a l  may become t h e  major source  
0 

of t h e  enhanced D reg ion  i o n i z a t i o n  (Nicole t  and Aiken, 1960; Bourdeau, 

1963; Aiken and Bauer, 1965). 

The a l t i t u d e  range between approximately 85 and 150 km has  o f t e n  

been c a l l e d  t h e  E r eg ion  and above approximately 150 km, t h e  F reg ion .  

Extreme u l t r a v i o l e t  r a d i a t i o n  (both l i n e  and continuum) and t h e  x-rays 

i n  t h e  v i c i n i t y  of 30 A are u s u a l l y  considered as t h e  major sources  of 
0 

t h e  i o n i z a t i o n  i n  t h e  E reg ion .  The extreme u l t r a v i o l e t  s o l a r  r a d i a t i o n s  

i n  t h e  wavelength i n t e r v a l  of 300 - 800 A are be l i eved  t o  cause t h e  
0 

formation of t h e  F reg ion .  

I d e a l ,  q u i e t  ionospher ic  cond i t ions  are t o  some degree  rare 

phenomena when one i s  confronted by t h e  va r ious  spo rad ic  and anomalous 

v a r i a t i o n s  i n  t h e  e l e c t r o n  dens i ty .  Even w i t h i n  t h e  framework of 
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analyz ing  a so-ca l led  "normal," q u i e t  mid- la t i tude  ionosphere ,  t h e r e  

are many problems l ack ing  s a t i s f a c t o r y  exp lana t ions .  For i n s t a n c e ,  

cons ider  t h e  f a c t  t h a t  bo th  t h e  E and F reg ions  d i s p l a y  the  presence 

of subs  t a n  t i a l  n igh t t ime  ion i z a t i o n s  d e s p i t e  p r e s  umab l y  t h e t u rn ing  

o f f  of t h e  pho to ion iza t ion  source  and the  r e l a t i v e l y  s h o r t  recombination 

t i m e  c o n s t a n t s ,  p a r t i c u l a r l y  i n  t h e  E reg ion .  

The pho to ion iza t ion  t h a t  occurs  i n  t h e  daytime ionosphere i s  

only t h e  beginning of a r a t h e r  complex cha in  o f  even t s  lead ing  t o  the  

even tua l  h e a t i n g  of  t h e  n e u t r a l  atmosphere; t h e  d e t a i l s  of which are 

no t  a t  a l l  w e l l  understood a t  t h e  p re sen t  t i m e .  The equ i l ib r ium 

e l e c t r o n  energy d i s t r i b u t i o n  n o t  only r e f l e c t s  t h e  complex n a t u r e  of 

t h e  i o n i z i n g  s o l a r  r a d i a t i o n  and i t s  i n t e r a c t i o n  wi th  t h e  n e u t r a l  

atmosphere,  bu t  upon t h e  i n t e r a c t i o n  of t h e  photoe lec t rons  wi th  t h e  

e x i s t i n g  medium. The primary e l e c t r o n s ,  whatever might be  t h e i r  

sou rce ,  may produce a d d i t i o n a l  i o n i z a t i o n  o r  e x c i t a t i o n  of t h e  

p a r t i c l e s  they  encounter .  I n  t h i s  d i s s e r t a t i o n  w e  s h a l l  be  p r imar i ly  

concerned wi th  t h e  exper imenta l  de te rmina t ion  of t h e  equ i l ib r ium 

e l e c t r o n  energy d i s t r i b u t i o n s  i n  t h e  energy range of 0 - 15 ev. For 

t h e  e l e c t r o n s  i n  t h i s  energy range ,  impact i o n i z a t i o n s  are e s s e n t i a l l y  

n e g l i g i b l e  i n  terms of energy l o s s ,  and e x c i t a t i o n s  of n e u t r a l  atoms, 

i o n s ,  and t h e  ambient e l e c t r o n  gas  r e p r e s e n t  t h e  major energy s i n k s  i n  

terms of  p a r t i c l e  i n t e r a c t i o n s .  

The u t i l i z a t i o n  of  sounding rocke t s  and satel l i tes  f o r  conducting 

ionosphe r i c  r e sea rch  h a s  brought  f o r t h  a weal th  of  new informat ion  

t o  t h i s  f i e l d ,  t o g e t h e r  w i th  t h e  i n i t i a t i o n  of many new problems. The 

s p e c i a l  advantages of be ing  i n  a p o s i t i o n  t o  make d i r e c t  measurements 

a l s o  b r i n g  for th  demands f o r  h ighe r  ins t rument  r e l i a b i l i t y  and 



-4-  

cons ide ra t ions  of t h e  i n t e r a c t i o n s  between t h e  v e h i c l e  p la t form and 

t h e  space environment which may s e r i o u s l y  d i s t o r t  t h e  d a t a  c o l l e c t e d .  

This  paper w i l l  p r e sen t  r e s u l t s  ga thered  from one of a program of  fou r  

rocke t  experiments launched from Wallops I s l a n d ,  V i rg in i a .  Each of t h e  

four  payloads had borne a f u l l  complement of probes i n t o  gene ra l ly  

q u i e t  daytime ionospheres .  A compendium of t h e s e  f o u r  rocke t  

experiments i s  provided i n  Table  1.1. 

The primary o b j e c t i v e s  of t h e s e  experiments were t o :  (1) measure 

t h e  e l e c t r o n  concen t r a t ion  and energy d i s t r i b u t i o n  wi th  a r e c e n t l y  

developed pu l se  probe,  (2)  measure e l e c t r o n  and ion  parameters  wi th  

t h e  convent iona l  Langmuir probe,  and i n  p a r t i c u l a r  i n v e s t i g a t e  t h e  

use of wing-slope techniques ,  ( 3 )  examine t h e  v e h i c l e  t o  plasma p o t e n t i a l  

measurements from t h e  thermal  e q u a l i z a t i o n  probes ( B e t t i n g e r ,  1 9 6 4 ) ,  and 

( 4 )  compare t h e  e l e c t r o n  energy d i s t r i b u t i o n  measurements of  t h e  p u l s e  

probe wi th  t h a t  of t h e  r e t a r d i n g  p o t e n t i a l  ana lyze r s .  The s e l e c t i o n  

of  t h e s e  experiments under one payload conf igu ra t ion  lends  i t s e l f  

r e a d i l y  f o r  c r o s s  r e fe renc ing  and i n v e s t i g a t i o n  of t h e  r e l a t i v e  

c a p a b i l i t i e s  of t h e  va r ious  probes.  We s h a l l  devote  most of  our  

a t t e n t i o n  t o  t h e  a n a l y s i s  of t h e  p u l s e  probe d a t a .  

A method f o r  determining t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  

charged p a r t i c l e s  i n  an i s o t r o p i c  plasma by t ak ing  t h e  second 

d e r i v a t i v e  of t h e  p a r t i c l e  c u r r e n t  t o  a probe s u r f a c e  wi th  r e s p e c t  

t o  i t s  r e t a r d i n g  p o t e n t i a l  w a s  f i r s t  proposed by Druyvesteyn (1930). 

It is a p p l i c a b l e  t o  both  charged s p e c i e s ,  e l e c t r o n s  and i o n s ,  and i n  

t h e  case of an  a n i s o t r o p i c  v e l o c i t y  d i s t r i b u t i o n ,  t h e  r e l a t i o n s h i p  

can only be  u t i l i z e d  f o r  a s p h e r i c a l  probe. With s t anda rd  o p e r a t i o n a l  



TABLE 1.1 

RECENT SOUNDING ROCKET EXPERIMENTS CONDUCTED BY THE ATMOSPHERIC PHYSICS 

GROUP (U. OF MARYLAND) FROM WALLOPS ISLAND, V I R G I N I A  (37.8'N, 75.5OW) 

Vehicle  
Type 

Launch 
Date 

Launch 
T i m e  (UT) 

Pulse  
Probe 
Geometry 

NASA 14.164 NASA 18.12 NASA 14.298 NASA 18.30 
Nike-Apache Nike-Tomahawk Nike-Apache Nike-Tomahawk 

9-16-66 3-30-67 11-16-67 8-2 1-68 

15h 54m l g h  Ogm 18h 14" 21h 30m 

167 2 39 164 268 

C y l i n d r i c a l  C y l i n d r i c a l  Sphe r i ca l  Sphe r i ca l  

Langmuir 
Probe 
Radius ( i n .  ) 0.25 0.25 .05 

t K  
P 

4 A  
P 

2 ( Q )  2 

10 11 

-F Pr.Rz 57 130 119 

0.20 

l+(Q> 

4 

138 

K = three-hour p l ane ta ry  geomagnetic a c t i v i t y  index 
P 

Q 

A = l i n e a r  d a i l y  geomagnetic a c t i v i t y  index 

= one of t h e  t e n  s e l e c t e d  geomagnet ical ly  q u i e t  day f o r  month 

P 

Pr.Rz = p r o v i s i o n a l  sunspot  number 

4 obta ined  from d a t a  publ ished i n  the Journa l  of Geophysical Research (J. V. Lincoln)  
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techniques of t h e  Lpgmui r  probe, i t  is  g e n e r a l l y  no t  f e a s i b l e  t o  

o b t a i n  e l e c t r o n  energy d i s t r i b u t i o n s  i n  t h e  ionosphere f o r  ene rg ie s  

g r e a t e r  than 21 ev. This is  because of t h e  c o n t r i b u t i o n  from t h e  

p o s i t i v e  i o n s  t o  t h e  t o t a l  observed c u r r e n t .  

Hinteregger  (1960) employed a gr idded probe of p l a n a r  geometry 

mounted a t  t h e  nose of an Aerobee H i  r o c k e t ,  which wi th  s u i t a b l y  

app l i ed  p o t e n t i a l s  t o  t h e  g r i d s ,  s e l e c t i v e l y  c o l l e c t e d  p a r t i c l e s  by 

charge and energy. The r e s u l t s  from t h i s  p l ana r  r e t a r d i n g  p o t e n t i a l  

analyzer  i n d i c a t e d  l a r g e  d e p a r t u r e s  from t h e  thermal  Maxwellian 

d i s t r i b u t i o n  f o r  e n e r g i e s  g r e a t e r  t han  a few ev  i n  both t h e  E and F 

r eg ions  i n t o  which t h e  experiment w a s  conducted. 

Bowen, Boyd, Henderson and Willmore (1964) have measured t h e  

second d e r i v a t i v e  of t h e  c u r r e n t  t o  an unscreen c o l l e c t o r  e l e c t r o n i c a l l y  

i n  an experiment conducted onboard an A r i e l  sa te l l i t e .  Their  method 

u t i l i z e d  s m a l l  AC p o t e n t i a l s  superimposed on a s lowly varying r e t a r d i n g  

probe p o t e n t i a l  and by monitoring t h e  p e r t i n e n t  AC components of t h e  

c u r r e n t ,  they w e r e  a b l e  t o  d e t e c t  t h e  second d e r i v a t i v e  d i r e c t l y .  They 

concluded t h a t ,  f o r  a l t i t u d e s  somewhat g r e a t e r  than 350 km, any 

non-Maxwellian t a i l  i n  t h e  e l e c t r o n  energy d i s t r i b u t i o n  involves  less 

than  one pe rcen t  of t h e  e l ec t rons ,be low t h e  d e t e c t i o n  level of t h e i r  

instrument  a t  ion .  

The p u l s e  probe t h a t  has  been developed and test flown by 

B e t t i n g e r  (1964) c o n s i s t s  of a c e n t r a l  c o l l e c t o r  surrounded by two 

c l o s e l y  spaced s c r e e n  g i r d s  and an o u t e r  cage. The probe as a whole 

is  immersed i n  t h e  plasma and a l i n e a r  p o t e n t i a l  sweep is  app l i ed  t o  

t h e  probe wi th  r e s p e c t  t o  t h e  v e h i c l e .  When ope ra t ed  i n  i t s  DC mode, 



-7- 

e l e c t r o n  energy d i s t r i b u t i o n s  can b e  de r ived  from t h e  r e t a r d i n g  

cur ren t -vol tage  c h a r a c t e r i s t i c s  f o r  t h e  energy range of 0 - 15 ev .  

I n  t h e  AC o r  pu l se  mode of ope ra t ion ,  a f a s t  nega t ive  pu l se  i s  appl ied  

t o  t h e  two outermost e lements  of  t h e  probe and as a r e s u l t ,  t h e  

e l e c t r o n s  i n s i d e  t h e  e f f e c t i v e  probe volume are swept t o  t h e  c o l l e c t o r .  

The f a s t  pu l se  technique  a l lows  t h e  s e l e c t i o n  of e l e c t r o n s  by t h e i r  

charge as w e l l  as by t h e i r  r e l a t i v e l y  smaller mass. Negative i o n s  i f  

p re sen t  i n s i d e  t h e  e f f e c t i v e  volume, f o r  i n s t a n c e ,  w i l l  no t  be  sensed 

by t h e  c o l l e c t o r  because of t h e i r  g r e a t e r  i n e r t i a .  This  pu l s ing  

a c t i o n  impar t s  energy t o  t h e  h e a v i e r  i o n i c  c o n s t i t u e n t s ,  b u t  o therwise  

provides  a d i r e c t  e l e c t r o n  d e n s i t y  measurement t h a t  i s  independent 

of t h e  e l e c t r o n  temperature  o r  energy d i s t r i b u t i o n  which ' i s  no t  t h e  

case f o r  t h e  f l u x  type  measurement conducted i n  t h e  DC mode of 

ope ra t ion .  The measured concen t r a t ion  of  e l e c t r o n s  is  t h a t  found 

i n s i d e  t h e  probe and t o  o b t a i n  t h e  ambient e l e c t r o n  d e n s i t y ,  w e  

r e q u i r e  t h e  c u r r e n t  corresponding t o  t h e  probe a t  plasma p o t e n t i a l .  

The b a s i c  payload conf igu ra t ion  w a s  approximately t h e  same f o r  

t h e  fou r  rocke t  experiments  (F igure  1.1). The p u l s e  probe w a s  

mounted on t h e  top  of t h e  payload s e c t i o n  covered by t h e  nose cone 

dur ing  t h e  f l i g h t  through t h e  lower atmosphere.  A t  an a l t i t u d e  of 

approximately 100 km, t h e  nose cone is  e j e c t e d  and t h e  pu l se  probe is  

exposed t o  t h e  plasma. The thermal  e q u a l i z a t i o n  probes were a t t ached  

t o  t h e  a r m s  on t h e  s i d e s  of t h e  payload s e c t i o n ,  which were recessed  

i n t o  t h e  payload i n  t h e i r  down p o s i t i o n .  

covers  which were e j e c t e d  upon t h e  e r e c t i o n  of t h e  arms. The only 

s i g n i f i c a n t  changes among t h e  payloads w e r e  i n  t h e  placements of  t h e  

They w e r e  p ro t ec t ed  by 
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Langmuir probes.  I n  14.164 and 18.30, they  w e r e  s i t u a t e d  nea r  t h e  

pu l se  probe p r i o r  t o  probe e r e c t i o n  (F igure  1 . 2 ) .  i n  18.12, i t  w a s  

placed under t h e  arm of a thermal  e q u a l i z a t i o n  probe; and i n  14.298, 

i t  took t h e  p l a c e  of a thermal  e q u a l i z a t i o n  probe on one of the fou r  

mutual ly  perpendicular  arms. 

For a l l  fou r  launches,  t h e  payload housings and t h e  second s t a g e  

rocke t s  had conduct ive f i n i s h e s  (F igure  1 .3 ) .  Th i s  w a s  t o  provide a 

s t a b l e  p o t e n t i a l  r e f e r e n c e  f o r  t h e  probe sweeps. A few seconds 

a f t e r  payload despin  ( t o  1-2 r p s )  t h e  nose cone w a s  e j e c t e d ,  and an 

onboard motor w a s  u t i l i z e d  f o r  t h e  deployment of t h e  arms. F igure  

1.4 shows t h e  arm f u l l y  deployed f o r  payload 18.12 s h o r t l y  a f t e r  

undergoing a s p i n  t e s t .  

The f o u r  rocke t  v e h i c l e s  performed s a t i s f a c t o r i l y  i n  terms of 

t h e i r  planned t r a j e c t o r i e s .  Two payloads (14.164 and 14.298) had 

a t t a i n e d  a l t i t u d e s  t o  t h e  base  of t h e  F reg ion  (% 167 and 164 km, 

r e s p e c t i v e l y )  and two (18.12 and 18.30) had pene t r a t ed  i n t o  t h e  F 

reg ion  (% 239 and 268 km, r e s p e c t i v e l y ) .  They provided approximately 

5 t o  6 minutes of d a t a  c o l l e c t i o n  t i m e  pe r  f l i g h t .  Payloads 14.164 

and 14.298 had good d a t a  a c q u i s i t i o n  from a l l  of t h e  probes throughout 

t h e i r  e n t i r e  f l i g h t s .  The 18.12 and 18.30 payloads included an 

a d d i t i o n a l  set of experiments c o n s i s t i n g  of fou r  Langmuir probes of 

va r ious  s i z e s  and geometr ies .  They w e r e  designed and cons t ruc ted  by 

GCA. I n  both f l i g h t s ,  t h e  a d d i t i o n a l  Langmuir probe experiments had 

premature p r o b e e r e c t i o n s  dur ing  launch and as a r e s u l t ,  t h e  e l e c t r o n i c  

packages s u f f e r e d  damages from overhea t ing  and d i d  n o t  acqu i r e  any 

u s e f u l  da t a .  



Figure 1.2 PAYLOAD SECTION (NASA 14.164)  



Figure 1 . 3  NIKE-APACHE (NASA 14.298) 



Figure 1 .4  PAYLOAD SECTION (NASA 18.12) 
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The o t h e r  experiments t h a t  w e r e  conducted aboard f l i g h t s  18.12 

and 18.30 a l s o  encountered f a i l u r e s  of t h e  probe e r e c t i o n  mechanisms, 

wi th  the  r e s u l t  t h a t  only some of t h e  probes had proper  exposures and 

adequate d i s t a n c e s  from t h e  veh ic l e .  The f a i l u r e  aboard 18.12 w a s  

probably due t o  some o b s t r u c t i o n  which prevented proper  arm e r e c t i o n  

and caused t h e  motor t o  become jammed. The 18.30 malfunct ion i s  

suspected t o  b e  t h e  f a i l u r e  t o  release a r e s t r a i n i n g  s t r a p  t h a t  w a s  

designed t o  hold  t h e  arms i n  place b e f o r e  e r e c t i o n .  

A s  a consequence, t h e  p u l s e  probe c a r r i e d  aboard 18.12 w a s  l i m i t e d  

t o  e l e c t r o n  energy d i s t r i b u t i o n  measurements. The d a t a  from t h e  

thermal  e q u a l i z a t i o n  probes from t h i s  f l i g h t  w e r e  rendered t o t a l l y  

u s e l e s s  because of t h e  probes '  c l o s e  proximity t o  t h e  v e h i c l e  s k i n .  

The Langmuir probe aboard 18 .12 ,  however, had proper  e r e c t i o n  and 

performed i n  e x c e l l e n t  manner f o r  t h e  e n t i r e  f l i g h t .  This  p a r t i c u l a r  

probe w a s  mounted under one of t h e  thermal  e q u a l i z a t i o n  probe arms 

and ev iden t ly  t h e  arms had moved enough t o  a l low t h i s  probe t o  s l i p  

ou t .  

The 18.30 payload, t oge the r  wi th  probe e r e c t i o n  f a i l u r e ,  a l s o  

had developed n o i s e  problems i n  many of t h e  s u b c a r r i e r  channels .  

Although t h e  p u l s e  probe e l ec t rome te r  d a t a  w a s  n o t  g r e a t l y  e f f e c t e d  

by t h i s  n o i s e  problem, t h e  exact use fu lness  of t h i s  d a t a  i s  ques t ionable  

because of t h e  Langmuir probes '  f a i l u r e  t o  release proper ly  from t h e i r  

locked p o s i t i o n s .  A s  a r e s u l t  of t h i s  i n t e r f e r e n c e  caused by t h e i r  

be ing  too  c l o s e  t o g e t h e r ,  t h e  18.30 payload f a i l u r e  w a s  c a t a s t r o p h i c .  
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CHAPTER I1 

THE PULSE PROBE 

A. I n t r o d u c t i o n  

A l a r g e  v a r i e t y  of gr idded probes have been employed f o r  determining 

t h e  concen t r a t ion  and energy d i s t r i b u t i o n  of t h e  p la sma  p a r t i c u l e s  

found i n  t h e  terrestrial ionosphere and i n  t h e  i n t e r p l a n e t a r y  plasma 

(Hinteregger ,  1960; Sagalyn, e t  a l . ,  1963; Hanson, e t  a l . ,  1964; 

B e t t i n g e r ,  1964; Knudsen and Sharp, 1967; Harris, e t  a l . ,  1967; Shea, 

e t  a l . ,  1968; and Moss and Hyman, 1968). This class of probes which 

i s  commonly r e f e r r e d  t o  as " r e t a r d i n g  p o t e n t i a l  ana lyze r s  ," r e p r e s e n t s  

a s t e p  i n  s o p h i s t i c a t i o n  from t h e  Langmuir probes i n  t h a t  they at tempt  

t o  separate t h e  components of t h e  plasma through charge and energy 

s e l e c t i o n .  This  i s  accomplished by impressing v a r i o u s  p o t e n t i a l s  on 

t h e  d i f f e r e n t  elements of t h e  probe and f o r  a p a r t i c u l a r  mode of 

o p e r a t i o n ,  t h e  c u r r e n t  t o  t h e  c o l l e c t o r  is  c o n t r o l l e d  by v a r y h g  t h e  

r e t a r d i n g  v o l t a g e  on one of t he  probe elements .  An a n a l y s i s  is  then 

performed on t h e  current-vol tage c h a r a c t e r i s t i c  i n  much t h e  same manner 

as i n  t h e  t reatment  of Langmuir probe d a t a ,  except t h e  need t o  s e p a r a t e  

t h e  i o n  and e l e c t r o n  c o n t r i b u t i o n s  t o  t h e  t o t a l  c o l l e c t o r  c u r r e n t ,  f o r  

i n s t a n c e ,  has  been e l imina ted .  

The most important advantage of u t i l i z i n g  t h e  r e t a r d i n g  p o t e n t i a l  

ana lyze r s  i s  t h a t  r e t a r d e d  c u r r e n t  c h a r a c t e r i s t i c s  may b e  obtained f o r  

p o s i t i v e  i o n s  ( a s  in t h e  i o n  mode of ope ra t ion )  and f o r  suprathermal  

e l e c t r o n s  ( i f  operated i n  t h e  e l e c t r o n  mode). 

of one o r  more sc reens  about t h e  c o l l e c t o r ,  t h e  probe s u f f e r s  from 

incomplete t ransparency as w e l l  as such e f f e c t s  as secondary and 

However, by t h e  i n c l u s i o n  
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p h o t o e l e c t r i c  emission from t h e  v a r i o u s  probe elements.  These secondary 

e f f e c t s ,  which may have important i n f l u e n c e  on t h e  d a t a  and i t s  

i n t e r p r e t a t i o n ,  are extremely d i f f i c u l t  t o  e v a l u a t e  q u a n t i t a t i v e l y .  

The emphasis h a s  been t o  select materials wi th  h igh  work func t ions  and 

t o  restrict as much as p o s s i b l e  t h e  probe support  s t r u c t u r e s  and t o  

i n s u r e  t h a t  t h e  v e h i c l e  body i s  n o t  i n  t h e  probe 's  f i e l d  of view. 

The p u l s e  probe c o n s i s t s  of an o u t e r  cage and two c l o s e l y  spaced 

g r i d s  t h a t  surround t h e  c o l l e c t o r  as shown i n  F igu re  2.1.  The c o l l e c t o r  

w a s  rhodium p l a t e d  wi th  a diameter of approximately 0.8 i n .  The two 

i n n e r  g r i d s  were made from s t a i n l e s s  steel  w i r e s ,  and w e r e  l o c a t e d  

approximately 0.55 and 0.65 i n . ,  r e s p e c t i v e l y ,  from t h e  a x i s  of t h e  

probe. The o u t e r  cage w a s  supported by t h r e e  i n s u l a t e d  c i r c u l a r  r i n g s  

providing t h e  probe wi th  o v e r a l l  dimensions of approximately 2 .9  i n .  

i n  h e i g h t  and 2.8 i n .  i n  diameter.  

flown aboard 14.164 and 18.12, wh i l e  s p h e r i c a l  probes were employed 

on 14.298 and 18.30. I n  each of t h e s e  f l i g h t s ,  t h e  probes were 

The c y l i n d r i c a l  probes were 

programmed f o r  two modes of o p e r a t i o n ,  both f o r  o b t a i n i n g  e l e c t r o n  

c h a r a c t e r i s t i c s .  

desc r ibed  i n  some d e t a i l  i n  t h e  fol lowing s e c t i o n .  

B. P r i n c i p l e s  of Operation 

The DC mode and t h e  p u l s e  mode of o p e r a t i o n  w i l l  be  

1. DC Mode 

I n  t h i s  mode of o p e r a t i o n ,  t h e  two outermost elements of t h e  

probe are kept  a t  t h e  same p o t e n t i a l .  The c o l l e c t o r  i s  b i a s e d  some 

26 v o l t s  p o s i t i v e  wi th  r e s p e c t  t o  t h e  i n n e r  g r i d  as shown i n  Figure 2.2. 

The probe as a whole, is  swept w i th  r e s p e c t  t o  t h e  v e h i c l e  from 

approximately 3 v o l t s  p o s i t i v e  to 13 v o l t s  nega t ive .  This l i n e a r  sweep 



Fig. 2.1 THE PULSE PROBE 
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has  a s l o p e  - dV of approximately -54 v o l t s / s e c .  

of p o t e n t i a l s ,  p o s i t i v e  ion  p e n e t r a t i o n  t o  t h e  c o l l e c t o r ,  as w e l l  as 

p h o t o e l e c t r i c  and secondary emission from t h e  c o l l e c t o r ,  are kept  a t  a 

minimum. The g r i d  suppor t  s t r u c t u r e s  w e r e  i n s u l a t e d  and t h e  emission 

by t h e  g r i d s  themselves are assumed t o  b e  n e g l i g i b l e  because of t h e i r  

s m a l l  phys i ca l  area. Displacement c u r r e n t s  a s soc ia t ed  wi th  t h e  sweep 

were observed p r i o r  t o  f l i g h t  and dur ing  t h e  f l i g h t  b e f o r e  probe 

exposure and w e r e  found t o  b e  s m a l l  

t o  t h e  c o l l e c t o r  above t h e  d e t e c t i o n  level,  is pr imar i ly  t h a t  due t o  

ambient e l e c t r o n s  t h a t  have s u f f i c i e n t  energy and proper  d i r e c t i o n  of 

inc idence ,  t o  surmount t h e  p o t e n t i a l  b a r r i e r  set up by t h e  sweep.  

Under t h i s  arrangement d t '  

(< 2 x lo-" amps). The c u r r e n t  

F igure  2.3 shows a sample of t h e  te lemetered  d a t a  obta ined  

a t  an a l t i t u d e  of approximately 200 km from t h e  pu l se  probe aboard 

18.12. The c o l l e c t o r  c u r r e n t  t h a t  i s  d isp layed  a t  t h e  top ,  w a s  

monitored by a f i x e d  range e l ec t rome te r .  The sweep v o l t a g e  wi th  

r e s p e c t  t o  t h e  v e h i c l e  is shown at: t h e  bottom. 

The s e n s i t i v i t y  of t h e  e l ec t rome te r  is  p e r i o d i c a l l y  

switched,  each range l a s t i n g  approximately 0.7 seconds,  synchronized 

wi th  t h e  per iod  of t h e  v o l t a g e  sweep on t h e  probe. The probe i s  

opera ted  i n  t h e  p u l s e  mode dur ing  t h e  f i r s t  h a l f  of t h i s  per iod  and 

i n  t h e  DC mode dur ing  t h e  l a t te r  h a l f .  The e l e c t r o m e t e r ' s  s e n s i t i v i t y  

is  c o n t r o l l e d  by t h e  va lue  of t h e  feedback r e s i s t o r  R,  l oca t ed  between 

t h e  inpu t  and t h e  output  terminals of t h e  o p e r a t i o n a l  a m p l i f i e r .  The 

va lues  chosen f o r  t h e  feedback r e s i s t o r s  w e r e  lo5,  lo6 ,  10 , 10 , and 

10 5 2 ,  given h e r e  i n  t h e  o rde r  of t h e  swi tch ing  sequence. The va lue  

a t  t h e  output  of t h e  o p e r a t i o n a l  a m p l i f i e r  corresponding t o  e l ec t rome te r  

7 8 

9 
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s a t u r a t i o n  w a s  approximately 5.7 v o l t s .  Thus, t h e  s e n s i t i v e  range of 

t he  e l ec t rome te r  f o r  a p a r t i c u l a r  feedback r e s i s t a n c e  of va lue  R 

( 2. 10 , 10 , 10 , 10 , 10 L?), is  from zero  t o  (5.7/R) amps and with 

each success ive  swi tch ing  of t h e  va lue  of R,  w e  e f f e c t i v e l y  inc rease  

t h e  s e n s i t i v i t y  o r  f u l l  scale by a f a c t o r  of approximately t en .  Zero 

c u r r e n t  c a l i b r a t i o n s  w e r e  taken a t  t h e  beginning and a t  t he  end of 

each series of range swi tch ing .  

5 6  7 8 9  

2 .  Pulse  Mode 

I n  t h e  pu l se  mode of ope ra t ion ,  which i s  i n  e f f e c t  during t h e  

f i r s t  h a l f  of each e l ec t rome te r  range where t h e  p o t e n t i a l  sweep i s  

inc reas ing  i n  t i m e ,  a nega t ive  square  wave of approximately 20 v o l t s  

i n  amplitude i s  app l i ed  t o  t h e  o u t e r  cage r e l a t i v e  t o  t h e  inne r  g r i d .  

This 20 v o l t s  i s  d iv ided  between t h e  t h r e e  o u t e r  probe elements such 

t h a t  t h e  p o t e n t i a l  d i f f e r e n c e  between the  o u t e r  cage and t h e  o u t e r  

g r i d  is  approximately 13 v o l t s  and t h a t  ac ross  t h e  o u t e r  g r i d  and t h e  

inne r  g r i d  i s  about 7 v o l t s .  The p u l s e  frequency i s  100 kc pe r  second, 

wi th  a pu l se  du ra t ion  of approximately 0.2 p seconds.  Thus, f o r  t h e  

du ra t ion  of t h e  pu l se ,  a l l  e l e c t r o n s  i n s i d e  t h e  probe are a c c e l e r a t e d  

toward t h e  c o l l e c t o r  and those  o u t s i d e  t h e  cage, nea r  t h e  probe, are 

r e p e l l e d  away from t h e  v i c i n i t y  of t h e  probe. I n  o rde r  t o  suppress  

c u r r e n t  c o l l e c t i o n  i n  between pu l ses ,  a nega t ive  p o t e n t i a l  of 

approximately 3 v o l t s  is app l i ed  t o  t h e  i n n e r  g r i d  r e l a t i v e  t o  t h e  

o u t e r  g r i d .  The e f f e c t  of t h e  p u l s e  on ion  motion, f o r  t h e  most p a r t ,  

can be considered n e g l i g i b l e  because of t h e i r  r e l a t i v e l y  l a r g e  i n e r t i a .  

The dens i ty  of t h e  e l e c t r o n s  n i n s i d e  t h e  cage can be  expressed P Y  

as a l i n e a r  func t ion  of t h e  p u l s e  c u r r e n t  I by P’ 

P 
z 

n =  P 
olefVeff 
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where V e f f  i s  t h e  e f f e c t i v e  probe volume, f is  t h e  p u l s e  r e p e t i t i o n  

ra te ,  e i s  t h e  e l e c t r o n i c  charge and ct i s  t h e  combined t ransparency  

of t h e  two i n n e r  g r i d s  t h a t  surround t h e  c o l l e c t o r .  The d e n s i t y  np 

i n s i d e  t h e  e f f e c t i v e  volume of t h e  probe is e q u a l  t o  t h e  d e n s i t y  

immediately o u t s i d e  t h e  cage s u r f a c e  m u l t i p l i e d  by t h e  t ransmiss ion  

c o e f f i c i e n t  of t h e  cage. Here w e  have assumed t h a t  t h e  c o l l e c t i o n  

v o l t a g e  and t h e  pu l se  d u r a t i o n  are s u f f i c i e n t l y  l a r g e  t o  permit  t h e  

c o l l e c t i o n  of a l l  t h e  e l e c t r o n s  i n s i d e  t h e  e f f e c t i v e  probe volume, 

and t h a t  c o l l i s i o n s  w i t h i n  t h e  probe are n e g l i g i b l e .  S t r i c t l y  speaking,  

because of  angular  momentum and energy conserva t ion ,  i t  i s  n o t  

p o s s i b l e  t o  c o l l e c t  a l l  t h e  e l e c t r o n s  w i t h i n  t h e  probe,  i . e . ,  those  

wi th  high energy and very  l a r g e  angular  momentum. However, f o r  t h e  

thermal  e l e c t r o n s  (T % 2000°K), f o r  which t h e  app l i ed  c o l l e c t i o n  

p o t e n t i a l  is much greater than t h e i r  average energy,  a pu l se  du ra t ion  

of 0 . 2  p seconds provides  s u f f i c i e n t  t i m e  f o r  most of t hese  e l e c t r o n s ,  

i f  n o t  a l l ,  t o  reach  t h e  c o l l e c t o r  be fo re  t h e  t e rmina t ion  of t h e  

pulse .  For i n s t a n c e ,  t h e  t i m e  i t  t akes  f o r  an e l e c t r o n  i n i t i a l l y  a t  

rest loca ted  n e a r  t h e  o u t e r  cage t o  t r a v e l  t o  t h e  c o l l e c t o r  can be  

-9 shown t o  be  approximately 5 x 10 seconds from t h e  a p p l i c a t i o n  of 

20 v o l t s  a c r o s s  t h e  o u t e r  probe elements  (Be t t inge r ,  1964). 

The t o t a l  c o l l e c t o r  cu r ren t  i n  t h e  p u l s e  mode may be  w r i t t e n  

as : 

It = Ip + (At) f I o  + [ 1 - (At)f]I , ,  , 

where the f i r s t  term Ip is t h e  p u l s e  c u r r e n t  g iven  by equat ion  (2 .1 ) .  

The second term on t h e  right-hand s i d e  r e p r e s e n t s  t h e  c u r r e n t  due t o  

those  e l e c t r o n s  t h a t  e n t e r e d  t h e  probe wh i l e  t h e  p u l s e  w a s  app l i ed  and 
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t h e  t h i r d  term i s  t h e  c o l l e c t i o n  of e l e c t r o n s  dur ing  the t i m e  per iod  

between t h e  a p p l i c a t i o n  of t h e  pulses .  The term (At)f is  t h e  f r a c t i o n  

of t h e  t i m e  when t h e  p u l s e s  were employed, where A t  is  t h e  pu l se  

du ra t ion ,  and f is  t h e  p u l s e  r e p e t i t i o n  rate. The second t e r m  may, 

f o r  a l l  p r a c t i c a l  purposes,  be  neglec ted  s i n c e  Io r e p r e s e n t s  t h e  

c o l l e c t i o n  of e l e c t r o n s  wi th  ene rg ie s  g r e a t e r  t han  t h e  p u l s e  p o t e n t i a l  

P p lus  t h e  sweep p o t e n t i a l  and (At)f  % 0.02. Thus, t h e  pu l se  c u r r e n t  I 

may be obta ined  simply by s u b t r a c t i n g  from t h e  measured t o t a l  c o l l e c t o r  

cu r ren t  t h e  t h i r d  term i n  equat ion  (2 .2) ,  where I b  i s  t h e  c u r r e n t  

de t ec t ed  i n  t h e  DC mode of ope ra t ion .  

The s p e c i a l  advantage of t h e  pu l se  technique is t h a t  t h e  dens i ty  

measurement is  made independent of t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  

p a r t i c l e s .  Furthermore, t h e  pu l se  c u r r e n t  I as a func t ion  of the 

sweep p o t e n t i a l ,  shows a maximum a t  t h e  plasma p o t e n t i a l  and should be 

r e a d i l y  i d e n t i f i a b l e  s o  t h a t  t h e  ambient dens i ty  may be  obta ined  wi thout  

independent knowledge of t h e  v e h i c l e  t o  plasma p o t e n t i a l .  

C. Probe Theory 

P’ 

I n  t h i s  s e c t i o n  w e  w i l l  review t h e  gene ra l  theory of probe c u r r e n t s  

beginning wi th  a b r i e f  d i scuss ion  of t h e  convent iona l  Langmuir probes,  

which have been employed r a t h e r  ex tens ive ly  aboard sounding rocke t s  

and sa te l l i t es  f o r  t h e  measurements of e l e c t r o n  temperature  and 

concen t r a t ion  (Spencer, et  a l . ,  1962; Spencer,  e t  a l . ,  1965; B e t t i n g e r ,  1965; 

Smith, 1966; Be t t inge r  and Chen, 1966; Smith, et a l . ,  1967). This w i l l  be 

followed by a d e r i v a t i o n  a f  t h e  Druyvesteyn r e l a t i o n s h i p ,  which may be  

used f o r  ob ta in ing  t h e  energy d i s t r i b u t i o n  of t h e  plasma p a r t i c l e s  

from t h e  r e t a r d i n g  cur ren t -vol tage  c h a r a c t e r i s t i c  such as t h a t  ob ta ined  

wi th  t h e  pu l se  probe. W e  s h a l l  b e  p r imar i ly  concerned wi th  t h e  case 
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where t h e  probe can be  considered s t a t i o n a r y  and where t h e  mean f r e e  

path of t h e  plasma p a r t i c l e s  i s  s u f f i c i e n t l y  l a r g e  t h a t  c o l l i s i o n s  

w i t h i n  t h e  charged shea th  a s s o c i a t e d  w i t h  t h e  probe may be  ignored.  

1. Langmuir Probe 

The Langmuir probe is  an unscreened c o l l e c t o r  t h a t  i s  

i n s e r t e d  i n t o  t h e  plasma and t h e  c u r r e n t  as a func t ion  of t h e  app l i ed  

vo l t age  i s  recorded f o r  a n a l y s i s .  When i t  i s  c a r r i e d  aboard a 

sounding rocket  o r  s a t e l l i t e ,  t h e  app l i ed  p o t e n t i a l  is usua l ly  

re ferenced  t o  t h e  v e h i c l e  s k i n  and t h e  cu r ren t  is  then obtained as a 

func t ion  of t h e  probe t o  v e h i c l e  p o t e n t i a l .  The c o l l e c t o r  is  

f r equen t ly  accompanied by a guard e l e c t r o d e  t h a t  i s  maintained a t  

t h e  same p o t e n t i a l  as t h e  c o l l e c t o r  t o  minimize any i n t e r a c t i o n  wi th  

t h e  probe suppor t  s t r u c t u r e .  

Mott-Smith and Langmuir (1926) have t r e a t e d  t h e  b a s i c  theory 

of c o l l e c t o r s  wi th  s imple  goemetr ies  immersed i n  ion ized  gases .  They 

have der ived  va r ious  express ions  f o r  t h e  probe c u r r e n t  as a func t ion  

of probe t o  plasma p o t e n t i a l  corresponding t o  d i f f e r e n t  v e l o c i t y  

d i s t r i b u t i o n s  f o r  t h e  plasma p a r t i c l e s .  I n  t h e  fo l lowing ,  w e  s h a l l  

restrict  our  a t t e n t i o n  t o  t h e  case where t h e  plasma p a r t i c l e s  are 

mainly e l e c t r o n s  and s i n g l y  charged p o s i t i v e  ions  having Maxwellian 

v e l o c i t y  d i s t r i b u t i o n s .  

S ince  t h e  average speed of t h e  e l e c t r o n s  i s ,  i n  gene ra l ,  

g r e a t e r  than  t h a t  of  t h e  p o s i t i v e  i o n s ,  a body o r  probe immersed i n  

t h e  plasma w i l l  a c q u i r e  a nega t ive  equ i l ib r ium p o t e n t i a l .  

of t h i s  nega t ive  charge on t h e  probe i s  sh ie lded  from t h e  rest of t h e  

plasma by a p o s i t i v e  space  charge r eg ion  surrounding t h e  probe. When 

The presence 
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t h e  probe p o t e n t i a l  is  v a r i e d  re la t ive t o  t h e  plasma, t h e  shea th  th i ckness  

w i l l  change acco rd ing ly ,  and i n  p a r t i c u l a r ,  when t h e  probe is  made 

p o s i t i v e ,  t h e  n e t  charge of t h e  shea th  w i l l  then b e  nega t ive .  The 

t o t a l  probe c u r r e n t  a t  any given probe p o t e n t i a l  is  t h e  sum of t h e  e l e c t r o n  

c u r r e n t  and t h e  ion  c u r r e n t .  For t h e  charge p a r t i c l e s  w i t h i n  t h e  shea th  

r eg ion ,  one component w i l l  b e  a c c e l e r a t i n g ,  w h i l e  f o r  t h e  o t h e r ,  r e t a r d i n g .  

The a c c e l e r a t i n g  c u r r e n t  t o  a s p h e r i c a l  probe of r a d i u s  r ,  

f o r  a Maxwellian d i s t r i b u t i o n  of n par t ic les  pe r  u n i t  volume, and 

temperature T ,  as given by Mott-Smith and Langmuir (1926) may b e  

w r i t t e n  as: 

- - 

- 
t h e  thermal  c u r r e n t  p e r  u n i t  area, a is  the  nev where I = - - 0 4  

e V  shea th  r a d i u s ,  IJJ = > o ,  V i s  t h e  probe t o  plasma p o t e n t i a l ,  k is  t h e  

Boltzmann cons t an t ,  w i th  e and m being t h e  p a r t i c l e ' s  charge and m a s s ,  

r e s p e c t i v e l y .  W e  see t h a t  t h e  f i r s t  t e r m  i n  equa t ion  (2.3) is  simply 

t h e  c u r r e n t  i n c i d e n t  t o  t h e  shea th  s u r f a c e  and t h e  c u r r e n t  t o  t h e  probe 

is  t h i s  q u a n t i t y  reduced by t h e  exponen t i a l  term. The s h e a t h  r a d i u s  a 

is ,  of course,  a f u n c t i o n  of t h e  probe t o  plasma p o t e n t i a l  V,  as w e l l  

as t h e  parameters c h a r a c t e r i z i n g  t h e  plasma such as d e n s i t y  and 

temperature.  Expressions f o r  t h e  shea th  th i ckness  have been de r ived  

by B e t t i n g e r  and Walker (1965) and can b e  u t i l i z e d  h e r e  f o r  c a l c u l a t i n g  

t h e  c u r r e n t  i as a f u n c t i o n  of t h e  probe p o t e n t i a l  V. 

For a Maxwellian d i s t r i b u t i o n ,  t h e  c u r r e n t  due t o  t h e  p a r t i c l e s  
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under r e t a r d a t i o n  can be expressed as: 

-eV 
2 kT 

- 
i = 4nr I e 

0 3 

where V i s  t h e  va lue  of t h e  r e t a r d i n g  probe p o t e n t i a l ,  and I i s  t h e  

thermal c u r r e n t  given above. A p l o t  of l o g  i as a f u n c t i o n  of t h e  

p o t e n t i a l  V w i l l  r e s u l t  i n  a s t r a i g h t  l i n e  whose s l o p e  is  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  temperature T.  

0 

Elec t ron  temperatures  are u s u a l l y  obtained from t h e  Langmuir 

probe c h a r a c t e r i s t i c s  w i th  t h e  use of equa t ion  (2.4).  I n  t h e  

ionosphe r i c  p l a sma ,  t h e  probe c u r r e n t  due t o  e l e c t r o n s  dominate a t  o r  

nea r  plasma p o t e n t i a l ,  and t h e  r e t a r d e d  e l e c t r o n  c u r r e n t  is  normally 

e x t r a c t e d  from t h e  t o t a l  c u r r e n t  by s u b t r a c t i n g  from i t  t h e  smaller 

i o n  c o n t r i b u t i o n .  This  i s  o f t e n  accomplished by e x t r a p o l a t i o n  of t h e  

experimental  curve of t h e  t o t a l  probe c u r r e n t  from some l a r g e  nega t ive  

va lue  of probe p o t e n t i a l ,  where t h e  e l e c t r o n  c o n t r i b u t i o n  can b e  

assumed t o  b e  n e g l i g i b l e ,  and t ak ing  t h e  e x t r a p o l a t e d  curve as t h e  ion  

c u r r e n t .  

p o t e n t i a l ,  t h e  s l o p e  is  then c a l c u l a t e d ,  and from i t ,  t h e  e l e c t r o n  

temperature.  

Having obtained t h e  r e t a r d e d  e l e c t r o n  c u r r e n t  nea r  plasma 

The d e n s i t y  n can b e  e s t ima ted  from t h e  thermal  c u r r e n t  

expres s ion  f o r  I i f  T is  known, as w e l l  as where t h e  po in t  of plasma 

p o t e n t i a l  is  l o c a t e d  on t h e  c h a r a c t e r i s t i c .  However, due t o  s u r f a c e  

imper fec t ions  of most probes,  t h i s  is  o f t e n  a ve ry  d i f f i c u l t  t a s k  

(F. Huang, 1969). 

0’ 

2. Druyves teyn Re la t ionsh ip  

For a probe wi th  a n e g a t i v e  p o t e n t i a l  V ,  re la t ive t o  t h e  
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plasma, ambient e l e c t r o n s  wi th  e n e r g i e s  E e V ,  and t h e  proper d i r e c t i o n s  

of i nc idence  may reach t h e  probe s u r f a c e  and c o n t r i b u t e  t o  t h e  probe 

c u r r e n t .  Druyvesteyn (1930) showed t h a t  t h e  e l e c t r o n  v e l o c i t y  

d i s t r i b u t i o n  of an  i s o t r o p i c  plasma can b e  found by t ak ing  t h e  second 

d e r i v a t i v e  of t h i s  c u r r e n t  w i th  r e s p e c t  t o  t h e  r e t a r d i n g  probe p o t e n t i a l .  

The r e s u l t s  are e q u a l l y  a p p l i c a b l e  f o r  o b t a i n i n g  t h e  i o n  d i s t r i b u t i o n  

from t h e  r e t a r d e d  i o n  c u r r e n t  and f o r  t h e  case of a s p h e r i c a l  probe 

immersed i n  an a n i s o t r o p i c  d i s t r i b u t i o n .  Here w e  s h a l l  consider  only 

t h e  d e r i v a t i o n  f o r  t h e  c y l i n d r i c a l  probe i n  an i s o t r o p i c  v e l o c i t y  

d i s t r i b u t i o n ,  n e g l e c t i n g  any end e f f e c t s .  I d e n t i c a l  r e l a t i o n s  may be 

shown f o r  o t h e r  s t anda rd  probe geometries.  

3 L e t  f ( v ) d  v b e  t h e  number of e l e c t r o n s  p e r  u n i t  volume i n  t h e  

-+ -+ + 
ambient plasma wi th  v e l o c i t i e s  between v and v + dv such t h a t  t h e  

no rma l i za t ion  cond i t ion  can be expressed as: 

a l l  v e l .  

where n i s  t h e  ambient e l e c t r o n  concen t r a t ion .  Taking t h e  u s u a l  

c y l i n d r i c a l  coord ina te  system, and l e t t i n g  v be p o s i t i v e ,  when i t  i s  

d i r e c t e d  i n t o  t h e  c o l l e c t o r ,  t h e  e l e c t r o n  c u r r e n t  t o  t h e  c o l l e c t o r  may 

b e  w r i t t e n  as: 

P 

i = 2.rraRe 1 1 1 v g(vP, v+, vz) dv dv dv, , (2.6) 
P P 4 J  

J 
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where g i s  t h e  ambient v e l o c i t y  d i s t r i b u t i o n  func t ion  expressed i n  

terms of t h e  c y l i n d r i c a l  v e l o c i t y  components, R is  t h e  l eng th  of 

t h e  c o l l e c t o r ,  a is  an a r b i t r a r i l y  chosen r a d i u s  loca t ed  anywhere 

o u t s i d e  t h e  c y l i n d r i c a l  shea th  surrounding t h e  probe where t h e  

d i s t r i b u t i o n  is  und i s tu rbed ,  e i s  t h e  e l e c t r o n i c  charge,  and a. 

s p e c i f i e s  t h e  f r a c t i o n  of t h e  c u r r e n t  i n c i d e n t  on t h e  a r b i t r a r y  

s u r f a c e  t h a t  a c t u a l l y  reaches  t h e  c o l l e c t o r  c o n s i s t e n t  wi th  conserva t ion  

of angular  momentum and energy. If a. w a s  chosen t o  inc lude  a l l  

v e l o c i t i e s  d i r e c t e d  inward, then  i would express  t h e  c u r r e n t  t o  t h e  

s u r f a c e  def ined  by t h e  r a d i u s  a and t h e  l eng th  E. 

From conserva t ion  of angular  momentum, w e  have 

v ( a ) a  = v (R)R , 
$ 0 

where R is t h e  r a d i u s  of t h e  probe,  and by conserva t ion  of energy,  

w e  o b t a i n  t h e  fo l lowing  equat ion:  

2 2 h v  ( a )  = h v  (R) + e V  , 

where m i s  t h e  e l e c t r o n i c  mass, and V denotes  t h e  r e t a r d i n g  probe 

p o t e n t i a l .  S ince  t h e  f i e l d  i s  r a d i a l ,  

and w e  may r q w r i t e  equa t ion  (2.8) as: 

v 2 (a) + v 2 (a)  = v 2 (R) + v0 2 (R) + 7 2 eV 
P @ P 

S u b s t i t u t i n g  f o r  v (R) from equa t ion  (2.7), t h i s  becomes 0 
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2 
1 - -  a 

R2 

2eV 
m 

- -  

For a pa r t i c l e  t o  be c o l l e c t e d ,  w e  r e q u i r e  t h a t  v (R) - > o o r ,  from 

equat ion (2.10) t h a t  

P 

f o r  a given va lue  of v (a). Therefore ,  i n  t h e  case  of a c y l i n d r i c a l  

c o l l e c t o r ,  where t h e  end e f f e c t s  can b e  ignored ,  t h e  c u r r e n t  

o 

i = 2naRe  1 dv dv, ! v,g(vp, v o ,  vZ)dvp , 
J 1  $ 1  

-00 -w a 

; ( 2  \ 

\ R  I 

2 l a  where a = vo !y - 11 + E . Making u s e  of t h e  Le ibn i t z  Rule m 

dv dv g (a, v + ~  v z )  
2 d i  2 n d  e 

dV m w e  g e t  - = - ' 1  $ 2  

J J  

(2.10) 

(2.11) 

(2.12) 

-w -w 

da e 
dV ma s i n c e  - = - . 
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If the velocity distribution function is isotropic, then 

2 2eV + - .  m 
2 2  v 4- vz 2 a  = -  2 2 g(a, voy vz) = f(v), where v = a2 + v + vz o R2 

a a Let us define y = - v with dy = E dv Then we may write equation 
R 4 ’  4 -  

(2.12) as: -I-=+ 
r r  

2 1 ;  27rNe I - -  , 1 dy dvZ f(v). 
J I  

di 
dV m 
- -  (2.13) 

This may be readily reduced to an expression involving a single integral, 

with A = 2nN, 

(2.14) 

Differentiating again and applying the relationship given by equation 

(2.11) , we obtain 

‘d2i1 f ? 
Thus, if we plot as a function of 

tdV J 1 m J  
/zi , we then have the 

(2.15) 

isotropic velocity distribution function f as a function of v, except 

for a multiplicative constant. 
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Equations (2.14) and (2.15) may b e  transformed i n t o  terms 

involving t h e  energy d i s t r i b u t i o n  f u n c t i o n  F(E) by making use  of t h e  

fol lowing r e l a t i o n s :  E = 'mv , o r  dE = mvdv, and 2 

12 

4 1 ~ f ( v )  v 2 dv = F(E)dE, o r  f ( v )  = F(E) . Thus, €o r  equa t ion  (2.14) 
4v (2E)' 

w e  have 

e V  

d 2 i  - Ae3F(eVi) 

dV2 2(2meV)' 
and equat ion (2.15) becomes 

2(2mE)' d 2 i ( V  = E / e  ), 

e A  dE2 
o r ,  F(E) = 

where F(E) s a t i s f i e s  t h e  no rma l i za t ion  cond i t ion :  

00 

r , F(E)dE = n . 
0 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

For an a r b i t r a r y  energy d i s t r i b u t i o n  f u n c t i o n  F(E) , w e  see 

from equa t ion  (2.16) t h a t  t h e  s l o p e  w i l l  always b e  n e g a t i v e  and t h e r e f o r e ,  

t h e  c u r r e n t  w i l l  always monotonically dec rease  w i t h  i n c r e a s i n g  r e t a r d i n g  

probe p o t e n t i a l .  Furthermore, t h e  magnitude of t h e  s l o p e  must a l s o  

dec rease  momotonically as t h e  r e t a r d i n g  probe p o t e n t i a l  i s  inc reased .  

I f  f o r  a p a r t i c u l a r  d i s t r i b u t i o n  f u n c t i o n  F(E),  such t h a t  i t  

van i shes  i n  t h e  energy i n t e r v a l  between El and E2,  t hen  i n  t h e  range of 
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, t h e  s l o p e  and V2 = - E2 E1 
r e t a r d i n g  probe p o t e n t i a l s  between V = - 

l e  e 

i s  a c o n s t a n t ,  o r  t h e  c u r r e n t  is  a l i n e a r  f u n c t i o n  of t h e  d i  
dV 
- 

r e t a r d i n g  probe p o t e n t i a l .  

From equa t ion  (2.18) i t  is  r e a d i l y  seen  t h a t  i f  t h e  c u r r e n t  

w a s  an exponen t i a l  f u n c t i o n  of t h e  r e t a r d i n g  probe p o t e n t i a l ,  then t h e  

r e s u l t i n g  energy d i s t r i b u t i o n  is  Maxwellian. It is  a l s o  apparent  t h a t  

t h e  d i s t r i b u t i o n  f u n c t i o n  obtained by t a k i n g  t h e  second d e r i v a t i v e  of 

t h e  probe c u r r e n t  is  une f fec t ed  by t h e  a d d i t i o n  of e i t h e r  a cons t an t  

o r  l i n e a r  t e r m  t o  t h e  t o t a l  probe c u r r e n t .  
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CHAPTER 111 

PULSE PROBE DATA 

A .  In t roduc t ion  

In  t h e  f i r s t  p a r t  of t h i s  chap te r ,  w e  w i l l  d i s c u s s  t h e  a c q u i s i t i o n  

and t h e  process ing  of t h e  experimental  d a t a  as obtained by the  p u l s e  

probe. The v a s t  amount of d a t a  t h a t  has  been acqu i red ,  even from a 

s i n g l e  f l i g h t  payload,  has  n e c e s s i t a t e d  t h e  use  of some kind of 

automatic  process ing  equipment. 

Physics  Group a CDC-160 computer which is d i r e c t l y  l inked  t o  an analog 

t o  d i g i t a l  conversion system. U t i l i z i n g  t h i s  system, t h e  r a w  analog 

d a t a  w a s  d i g i t i z e d  and recorded onto magnetic b ina ry  tapes .  Fur ther  

process ing  and a n a l y s i s  of t h i s  b inary  d a t a  w a s  performed by t h e  

CDC-160 as w e l l  as an IBM-7094 computer (Computer Science Center ,  

Univers i ty  of Maryland). 

W e  have a v a i l a b l e  wi th in  t h e  Atmospheric 

The l a t t e r  p a r t  of t h i s  chapter  p e r t a i n s  t o  t h e  methods of d a t a  

a n a l y s i s  and some of t h e  r e s u l t s  of t h a t  a n a l y s i s  w i l l  be  presented .  

I n  p a r t i c u l a r ,  t h e  e l e c t r o n  energy d i s t r i b u t i o n s  i n  t h e  energy range 

of 0-15 ev as de tec t ed  wi th  t h e  pu l se  probe opera ted  i n  t h e  DC mode 

w i l l  be emphasized. 

W e  s h a l l  be  concen t r a t ing  most of our  a t t e n t i o n  on t h e  d a t a  

ga thered  from t h e  18.12 f l i g h t  (19h09%T, March 30, 1967),  which had 

excep t iona l ly  low n o i s e  levels i n  a l l  t h e  d a t a  channels as compared 

t o  t h e  r e s u l t s  ob ta ined  from t h e  o the r  f l i g h t s .  However, on t h i s  

p a r t i c u l a r  f l i g h t ,  t h e  experiments wi th  t h e  except ion  of t h e  Langmuir 

probe, had i n s u f f i c i e n t  probe deployment due t o  t h e  f a i l u r e  of t h e  
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e r e c t i o n  mechanism. A s  a r e s u l t ,  t h e  d a t a  from t h e  thermal e q u a l i z a t i o n  

probes w e r e  rendered t o t a l l y  u s e l e s s  because of t h e i r  c l o s e  proximity 

t o  t h e  v e h i c l e  s k i n .  Thus, i t  meant t h a t  w e  could n o t  cont inuously 

monitor t h e  v e h i c l e  p o t e n t i a l  and would have t o  assume t h a t  t h e  v e h i c l e  

t o  p lasma p o t e n t i a l  w a s  cons t an t  a t  least  during t h e  t i m e  per iod of 

one probe sweep. However, t h i s  assumption can be considered no t  

a l t o g e t h e r  unreasonable s i n c e  t h e  area r a t i o  of t h e  probe t o  v e h i c l e  

w a s  less than 1:lOOO. 

Although t h e  e r e c t i o n  f a i l u r e  d i d  n o t  have any g r e a t  e f f e c t  on t h e  

d e t e c t i o n  of t h e  suprathermal  e l e c t r o n  energy d i s t r i b u t i o n ,  i t  d i d  

l eave  t h e  p u l s e  probe i n  a p o s i t i o n  t o  be a f f e c t e d  by t h e  charged shea th  

a s s o c i a t e d  wi th  t h e  v e h i c l e .  Thus, t h e  thermal e l e c t r o n  c u r r e n t  t o  the  

probe i s  p a r t i a l l y  suppressed,  e l i m i n a t i n g  any d i r e c t  measurements of 

t h e  ambient e l e c t r o n  concen t r a t ion .  

B. Experimental Data 

1. Data Acqu i s i t i on  

The r a w  d a t a  t h a t  is  acquired from t h e  experiments conducted 

aboard t h e  sounding r o c k e t s  w e r e  t r ansmi t t ed  t o  t h e  ground s t a t i o n s  

through t h e  u t i l i z a t i o n  of FM-FM te lemetry systems. The c o l l e c t o r  

c u r r e n t  from t h e  p u l s e  probe, f o r  i n s t a n c e ,  produces an output  response 

from t h e  e l ec t rome te r  a m p l i f i e r  i n  t h e  form of a v o l t a g e  s i g n a l .  

output  v o l t a g e  modulates a v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  whose output  

frequency varies about a p r e s e l e c t e d  va lue  ( t h e  s u b c a r r i e r  f requency) .  

This 

The s i g n a l  t hen  proceeds through a band pass  f i l t e r  b e f o r e  i t  is  

combined wi th  those  s i g n a l s  generated from t h e  o t h e r  s u b c a r r i e r s  by a 

mixer network. This combined s i g n a l  i s  then t r a n s m i t t e d  by a 

frequency modulated t r a n s m i t t e r  and t ece ived  by t h e  ground s t a t i o n s .  
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The FM s i g n a l s  from t h e  outpum o f t h e  ground r e c e i v e r s  were 

then recorded onto magnetic t apes .  

t apes  can b e  achieved by f i r s t  demodulating t h e  composite video s i g n a l s  

with s u b c a r r i e r  frequency d i s c r i m i n a t o r s  whose v o l t a g e  ou tpu t s  may 

then be d i sp layed  on o s c i l l o g r a p h s  o r  f ed  d i r e c t l y  i n t o  an analog t o  

d i g i t a l  conve r t e r  whose b ina ry  information can b e  made accep tab le  t o  a 

computer such as t h e  CDC-160 by a s u i t a b l e  b u f f e r  u n i t .  

The d a t a  playbacks from t h e s e  magnetic 

Table 3.1 l i s ts  t h e  s u b c a r r i e r  assignments made f o r  t h e  v a r i o u s  

experiments conducted aboard payload 18.12 (s tandard I R I G  s p e c i f i c a t i o n s  

f o r  narrow bands) and t h e i r  corresponding maximum i n t e l l i g e n c e  

f r equenc ie s ,  The s u b c a r r i e r  52.5 kc - + 7.5% w a s  des igna ted  f o r  t h e  

t r ansmiss ion  of t h e  p u l s e  probe e l ec t rome te r  d a t a .  The frequency response 

of t h i s  p a r t i c u l a r  s u b c a r r i e r  channel i s  approximately 790 cps.  

2 .  D i g i t i z e d  Current-Voltage C h a r a c t e r i s t i c s  

The analog t o  d i g i t a l  conversion w a s  performed by an Epsco 

Datrac (model 611) u n i t  which has  t h e  c a p a b i l i t y  f o r  ca r ry ing  out  high 

speed conversion (with a conversion dead-time % 251.1 seconds).  The 

d i g i t i z a t i o n  system c o n s i s t i n g  of t h e  analog t o  d i g i t a l  c o n v e r t e r ,  

t o g e t h e r  w i t h  t h e  b u f f e r  u n i t  and t h e  CDC-160 computer, w a s  operated 

i n  t h e  "converter  l imi t ed"  mode. 

d i g i t i z a t i o n  w a s  set by an  e x t e r n a l l y  generated t iming p u l s e  which 

w a s  used i n  t r i g g e r i n g  t h e  conve r t e r .  At t h e  t e rmina t ion  of each 

conversion t o  a twelve b i t  word, t h e  CDC-160 w a s  programmed t o  d i r e c t l y  

s t o r e  t h e  d i g i t i z e d  d a t a  i n t o  computer memory (Q 4000 a v a i l a b l e  

l o c a t i o n s ) .  

approximately 131.1 seconds,  i t  w i l l  t hen  w a i t  u n t i l  t h e  end of t h e  nex t  

conversion. 

I n  t h i s  mode, t h e  rate of 

Since t h e  computer has  an i n t e r n a l  s t o r a g e  c y c l e  t i m e  of 



Channel Description 

Table 3.1  NASA NIKE-TOMAHAWK 18.12 UI, TM FORMAT 

GCA Langmuir Probe 
GCA Langmuir Probe 
CTEP #1 
CTEP #3 
Pulse Probe Current 
Langmuir Probe Current 
Pulse Probe Sweep 
Langmuir Probe Sweep 
STEP #2 
STEP #4 
Housekeeping Commutator 
Long. Magnetometer 
Lat. Magnetometer f l  
GCA Commutator 
Lat. Magnetometer 112 
Aspect Eye 

IRIG Channel 

2 1  
20 
19 
18 
17 
16 
15 
14 
13  
12 
11 
10 
9 
8 
7 
6 

Subcarrier Freq. (KC) 

165 
124 
93  
70 
52.5 
40 
30 
22 
14.5 
10.5 

7.35 
5.4 
3.9 
3.0 
2.3 
1 .7  

Low Pass Filter (CPS) 

2500 
1900 
1400 
1050 

790 
600 
450 
330 
2 20 
160 
110 
81 
59 
45 
35 
25 
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For a conversion rate of 1 kc  p e r  second of r ea l  t i m e  d a t a  

playback, i t  would permit t h e  computer from one sampling of 4000 words 

( l a s t i n g  % 4 seconds) t o  s t o r e  i n t o  memory a complete current-vol tage 

c h a r a c t e r i s t i c .  That is  t o  s a y ,  t h e  b lock  of d a t a  s t o r e d  i n  memory 

would c o n s i s t  of a f u l l  set  of d i f f e r e n t  e l e c t r o m e t e r  s e n s i t i v i t i e s  

f o r  t h e  c o l l e c t o r  c u r r e n t  t o g e t h e r  w i th  t h e  ze ro  c u r r e n t  c a l i b r a t i o n .  

The computer t hen  recorded from i ts  memory t h e  b i n a r y  d a t a  

onto magnetic t a p e s  f o r  f u r t h e r  processing and a n a l y s i s .  The rate of 

conversion (1 kc pe r  second) w a s  more than  adequate f o r  t h e  examination 

of t h e  r e t a r d e d  suprathermal  e l e c t r o n  c u r r e n t ,  b u t  only minimal w i th  

regard t o  t h e  r e t a r d e d  thermal e l e c t r o n  c u r r e n t  (% 7 - 12 d a t a  p o i n t s ) .  

If w e  inc reased  t h e  conversion rate ( i . e . ,  h ighe r  r e s o l u t i o n ) ,  then 

t h e  l eng th  of t h e  sample record would have t o  b e  n e c e s s a r i l y  s h o r t e r  

because of t h e  l i m i t e d  number of l o c a t i o n s  i n  t h e  memory of t h e  CDC- 

160 computer. 

A buf fe red  b i n a r y  t a p e  u n i t  f o r  t h e  r eco rd ing  of t h e  b i n a r y  

information,  which completely bypasses t h e  CDC-160 computer, has  been 

b u i l t  t o  t a k e  advantage of t h e  high speed conversion t h a t  is p o s s i b l e  

wi th  t h e  Epsco Datrac Unit .  With t h i s  u n i t  i n  o p e r a t i o n ,  i t  is  

p o s s i b l e  t o  i n c r e a s e  t h e  rate of conversion t o  approximately 15 kc pe r  

second r eco rd ing  a continuous record on t h e  b i n a r y  t a p e  u n i t  and t h u s ,  

g r e a t l y  i n c r e a s i n g  t h e  r e s o l u t i o n  and f a c i l i t a t i n g  t h e  d a t a  processing.  

For i n s t a n c e ,  i t  would have permit ted a r eco rd ing  of % 100 d a t a  p o i n t s  

f o r  t h e  r e t a r d e d  thermal e l e c t r o n  c u r r e n t  s e c t i o n ,  b u t  i t  w a s  

u n a v a i l a b l e  a t  t h e  t i m e  when t h e  d a t a  w a s  being processed. 

F igu re  3.1 shows t h r e e  d i f f e r e n t  d i g i t i z e d  c u r r e n t  curves  



PULSE PROBE CURRENT vs SWEEP POTENTIAL 
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p l o t t e d  l o g a r i t h m i c a l l y  as a f u n c t i o n  of the app l i ed  sweep p o t e n t i a l  

w i t h  r e s p e c t  t o  t h e  v e h i c l e  obtained a t  three d i f f e r e n t  a l t i t u d e s  

during rocke t  ascent. 

t h e  probe w a s  ope ra t ed  i n  t h e  DC mode. 

shown i n  F igu re  3.1 i s  made up of t h r e e  d i f f e r e n t  s e c t i o n s ,  each 

s e c t i o n  corresponds t o  a d i f f e r e n t  e l ec t rome te r  s e n s i t i v i t y .  

These curves w e r e  obtained f o r  t h e  case where 

Each of t h e  c u r r e n t  curve 

C a l i b r a t i o n s  of t h e  s e n s i t i v i t i e s  and t h e  l i n e a r i t y  of t h e  

e l ec t rome te r  were performed p r i o r  t o  launch. This  w a s  done by 

f eed ing  a known c u r r e n t  i n t o  t h e  e l ec t rome te r  and r eco rd ing  t h e  response.  

A zero c u r r e n t  c a l i b r a t i o n  level (by opening t h e  e l ec t rome te r  i n p u t )  

w a s  programmed t o  occur b e f o r e  and a f t e r  t h e  sequence of range switching.  

For each range of t h e  e l e c t r o m e t e r ?  t h e r e  e x i s t s  a c u r r e n t  l e v e l  which 

corresponds t o  e l ec t rome te r  s a t u r a t i o n .  Any c o l l e c t o r  c u r r e n t  t h a t  

exceeds t h i s  level produces a f i x e d  cons t an t  output  from t h e  e l ec t rome te r .  

These two r e f e r e n c e  levels,  t h e  s a t u r a t i o n  p o i n t  and t h e  ze ro  c u r r e n t  

level,  permit t h e  de t e rmina t ion  of t h e  e l ec t rome te r  s e n s i t i v i t y  from 

which t h e  a b s o l u t e  c u r r e n t  may then  b e  c a l c u l a t e d .  

A t o t a l  of f o r t y  cu r ren t -vo l t age  c h a r a c t e r i s t i c s ,  such as 

those  shown i n  F igu re  3.1, were ob ta ined  and analyzed from t h e  f l i g h t  

18.12. 

C. Data Analysis  

They s h a l l  now b e  d i scussed  i n  d e t a i l  i n  t h e  fol lowing s e c t i o n .  

I n  t h e  a n a l y s i s  of t h e  p u l s e  probe d a t a ,  w e  have assumed t h a t  t h e  

v e h i c l e  t o  plasma p o t e n t i a l  w a s  cons t an t  during t h e  p o t e n t i a l  sweep 

over  t h e  r e t a r d i n g  p o r t i o n  of t h e  curve.  For f l i g h t  18.12, t h i s  has  

been concluded t o  b e  reasonably v a l i d  because of t h e  r e l a t i v e l y  l a r g e  

conduct ive area of t h e  r e f e r e n c e  v e h i c l e  i n  con tac t  w i th  t h e  plasma. 
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An i n c r e a s e  i n  t h e  n e g a t i v e  c u r r e n t  c o l l e c t e d  by t h e  p u l s e  probe, as i t  

i s  swept toward a more p o s i t i v e  p o t e n t i a l ,  must b e  accompanied by an 

equa l  amount of p o s i t i v e  c u r r e n t  c o l l e c t i o n  by t h e  v e h i c l e .  Thus, any 

s i g n i f i c a n t  modulation of t h e  v e h i c l e  p o t e n t i a l  due t o  t h e  p u l s e  probe 

sweep would t a k e  place only i n  t h a t  s e c t i o n  of t h e  curve where a l a r g e  

v a r i a t i o n  of t h e  c o l l e c t o r  c u r r e n t  occu r s ,  such as when t h e  probe begins 

i ts  sens ing  of t h e  thermal  e l e c t r o n s .  When t h e  v e h i c l e  has  a r e l a t i v e l y  

l a r g e  conductive area exposed t o  t h e  plasma, only a s m a l l  n e g a t i v e  change 

i n  i ts  p o t e n t i a l  w i l l  b e  necessary t o  c o l l e c t  t h e  r equ i r ed  amount of 

p o s i t i v e  c u r r e n t  provided, of cour se ,  t h a t  its equi lbr ium p o t e n t i a l  is  no t  

so  l a r g e  t h a t  i t  i s  i n  t h e  p o s i t i v e  ion  s a t u r a t i o n  region (Be t t inge r , l 965) .  

We have a l s o  assumed i n  t h i s  a n a l y s i s  t h a t  t h e  e l ec t rome te r  

s e n s i t i v i t y  remained cons t an t  and equa l  t o  t h e  va lue  

p r e f l i g h t  c a l i b r a t i o n s .  I f  t h e  v a r i a t i o n  of t h i s  q u a n t i t y  is  s m a l l  

and over long t i m e  p e r i o d s ,  i t  w i l l  n o t  s e r i o u s l y  a f f e c t  t h e  a n a l y s i s  

t h a t  i s  performed ove r  a given c u r r e n t  curve,  such as i n  t h e  determinat ion 

of e l e c t r o n  temperature.  S i g n i f i c a n t  v a r i a t i o n s  would, however, a f f e c t  

any d e n s i t y  measurements which depend on t h e  d e t e c t i o n  of a b s o l u t e  c u r r e n t s .  

I n  Chapter I1 w e  de r ived  t h e  Druyvesteyn r e l a t i o n s h i p  which showed 

determined i n  t h e  

t h a t  t h e  v e l o c i t y  o r  energy d i s t r i b u t i o n  of t h e  plasma p a r t i c l e s  i n  an 

i s o t r o p i c  plasma can b e  r e l a t e d  t o  t h e  second d e r i v a t i v e  of t h e  c u r r e n t  

with r e s p e c t  t o  t h e  r e t a r d i n g  probe p o t e n t i a l .  This r e l a t i o n s h i p  is 

a l s o  v a l i d  i n  t h e  case of an a n i s o t r o p i c  d i s t r i b u t i o n ,  i f  a s p h e r i c a l  

probe w a s  u t i l i z e d .  

a l eng th  t o  diameter r a t i o  f o r  t h e  o u t e r  cage of approximately 

one and a r a t i o  f o r  t h e  i n n e r  c o l l e c t o r  of approximately 

The p u l s e  probe t h a t  w a s  launched aboard 18.12 had 
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t h r e e .  Thus, t h e  probe c l o s e l y  approximates s p h e r i c a l  geometry and any 

an i so t ropy  i n  t h e  d i s t r i b u t i o n  w i l l  n o t  b e  c l e a r l y  e v i d e n t  i n  t h e  

c u r r e n t  as a f u n c t i o n  of probe a s p e c t ,  and t h e  Druyvesteyn r e l a t i o n s h i p  

is a p p l i c a b l e  f o r  e i t h e r  an i s o t r o p i c  o r  a n i s o t r o p i c  v e l o c i t y  

d i s t r i b u t i o n .  The s p h e r i c a l  probes launched aboard 14.298 and 18.30 

were undoubtably more i d e a l ,  however, from t h e  reasons given p rev ious ly  

t h e i r  r e s u l t s  w e r e  u n s a t i s f a c t o r y .  The probe design f o r  18.12 w a s  

d i c t a t e d  a t  t h e  t i m e  more s o  by t h e  ease i n  c o n s t r u c t i o n  and mechanical 

r e l i a b i l i t y .  

1. The Residual  Current 

For t h e  p u l s e  probe i n  t h e  DC mode of o p e r a t i o n ,  with an 

app l i ed  r e t a r d i n g  p o t e n t i a l  V ,  re la t ive t o  t h e  plasma p o t e n t i a l ,  only 

those  ambient e l e c t r o n s  w i t h  e n e r g i e s  E - > e V ,  and t h e  proper d i r e c t i o n s  

of i nc idence  w i l l  reach t h e  s u r f a c e  of t h e  i n n e r  g r i d  and c o n t r i b u t e  t o  

t h e  c o l l e c t o r  c u r r e n t .  

w a s  approximately 13.5 v o l t s  w i th  r e s p e c t  t o  t h e  v e h i c l e  and i f  w e  

assume t h a t  t h e  v e h i c l e  t o  plasma p o t e n t i a l  w a s  of t h e  o r d e r  of 2 v o l t s ,  

t h i s  means t h a t  no information can b e  obtained f o r  t h e  energy 

d i s t r i b u t i o n  of t h e  e l e c t r o n s  f o r  t h e  e n e r g i e s  beyond approximately 

15.5 ev. 

t h e  v e h i c l e  p o t e n t i a l  w a s  a c t u a l l y  s l i g h t l y  g r e a t e r  t han  2 v o l t s  f o r  

most of t h e  18.12 f l i g h t  which i s  i n  g e n e r a l  agreement w i t h  t h e  r e s u l t s  

ob ta ined  wi th  t h e  Langmuir probe. 

The maximum app l i ed  r e t a r d i n g  sweep p o t e n t i a l  

As w e  s h a l l  see la ter ,  t h e  p u l s e  probe r e s u l t s  i n d i c a t e d  t h a t  

The c o l l e c t o r  c u r r e n t  corresponding t o  t h e  maximum app l i ed  

r e t a r d i n g  p o t e n t i a l  is shown i n  F igu re  3.2 as a f u n c t i o n  of a l t i t u d e .  

This c u r r e n t  i s  t h a t  due t o  ambient e l e c t r o n s  wi th  e n e r g i e s  g r e a t e r  
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Table 3.2 MINIMUM PROBE CURRENT AND ELECTRON FLUX (E>15ev) 

Altitude 
(km) 1,(10-9~) 

As cent 122 
140 
150 
160 
165 
175 
184 
196 
20 1 
213 
218 
222 
225 
2 32 
2 36 
238 
239 

Descent 94 
109 
12 1 
139 
151 
161 
175 
183 
192 
195 
203 
2 10 
216 
222 
228 
232 
2 36 
238 
2 39 

1.6 
1.9 
2.0 
1.9 
1.8 
1.9 
2.0 
2.1 
2.1 
2.3 
2.6 
2.7 
2.7 
3.6 
3.8 
4.2 
4.4 

1.6 
1.8 
1.8 
2.0 
1.9 
1.9 
2.0 
2.1 
2.0 - 
2.1 
2.2 
2 . 4  
2.4 
2.6 
3.0 
3.4 
3.6 
3.8 
4.5 

1.8 
1.2 
2.3 
1.6 
1.6 
1.7 
2.0 
2.0 

2.3 
2.9 
3.3 
3.2 
4.1 
4.2 
4.3 
4.7 

1.0 
1.0 
1.0 
1.4  
1.4 
1 .o 
1.6 
1.6 

2.0 
2.1 
2.6 
2.7 
3.3 
3.6 
4.2 
4.3 

2.0 1.0 
2.5 1.3 
2.1 1.3 
2.0 1.4 
2.1 1.6 
2.0 1.7 
1.7 1.7 

2.0 
2.6 
2.5 
2.4 
2.7 
3.0 
3.9 
4.1 
4.0 

1.4 
1.9 
2.0 
2.2 
2.5 
3.0 
3.2 
3.5 
4.2 

J ( 10 / cm2 -s e c ) 

2.0 
2.4 
2.5 
2.4 
2.3 
2.4 
2.5 
2.6 
2.6 
2.9 
3.3 
3.4 
3.4 
4.5 
4.8 
5.3 
5.5 

2.0 
2.3 
2.3 
2.5 
2.4 
2.4 
2.5 
2.6 
2.5 
2.6 
2.8 
3.0 
3.0 
3.3 
3.8 
4.3 
4.5 
4.8 
5.6 

DC Mode 
Nike-Tomahawk March 30, 1968 

IR, 1; = Minimum probe current obtained from 10 , 10 A electrometer 

I 

-9 -8 
sensitivity, respectively 

= Constant for best exponential fit for secondary current 
C 
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t han  approximately 15.5 ev. These measurements were obtained from 

t h e  c u r r e n t s  corresponding t o  t h e  f l a t  s e c t i o n s  of t h e  sweep. I w a s  obtained 

when t h e  e l ec t rome te r  w a s  i n  t h e  most s e n s i t i v e  range (10 A ) .  Table 

3.2 a l s o  c o n t a i n s  t h e  v a l u e s  measured us ing  t h e  nex t  s e n s i t i v i t y  

(10 A) and i n d i c a t e  s i m i l a r  r e s u l t s .  W e  have chosen t h e  f l a t  p o r t i o n  

R 
-9 

-8 

dV ' 
d t  ) is  

of t h e  p o t e n t i a l  sweep s o  t h a t  t h e  displacement c u r r e n t  1 - 

n o t  a c o n t r i b u t i n g  f a c t o r .  These measurements r e f e r  t o  t h e  case where 

t h e  probe w a s  operated i n  t h e  DC mode and as such,  without  information 

concerning t h e  e l e c t r o n  energy d i s t r i b u t i o n  f o r  t h e  ene rg ie s  g r e a t e r  

than ?J 15 ev, no conclusions can b e  drawn wi th  regard t o  t h e i r  exact  

concen t r a t ion .  

F igu re  3.3 shows a t y p i c a l s e c t i o n  of t h e  c u r r e n t  curve as a f u n c t i o n  

of t h e  app l i ed  r e t a r d i n g  probe p o t e n t i a l  w i th  r e s p e c t  t o  t h e  v e h i c l e .  

w a s  obtained a t  an a l t i t u d e  of approximately 233 km on r o c k e t  a scen t .  

The c u r r e n t  appears  t o  b e  r e l a t i v e l y  l i n e a r  w i th  app l i ed  p o t e n t i a l  f o r  

t h e  r e t a r d i n g  v o l t a g e s  i n  t h e  range of 6-13.5 v o l t s .  

a l t i t u d e s ,  t h i s  l i n e a r  s e c t i o n  extended t o  smaller r e t a r d i n g  p o t e n t i a l s .  

Since t h e  second d e r i v a t i v e  of t h e  c u r r e n t  i n  t h i s  range of r e t a r d i n g  

This 

For t h e  lower 

p o t e n t i a l s  i s  n e a r l y  ze ro  from t h e  Druyvesteyn r e l a t i o n s h i p  given by 

equat ion (2.18), w e  may conclude t h a t  t h e r e  exists r e l a t i v e l y  ve ry  

few e l e c t r o n s  wi th  e n e r g i e s  between n., 8 and 15 ev. The c u r r e n t  t h a t  

is  d e t e c t e d  i n  t h i s  range of r e t a r d i n g  p o t e n t i a l s  is p r i m a r i l y  t h a t  

due t o  e l e c t r o n s  wi th  e n e r g i e s  > 15 ev. W e  s h a l l  d e s i g n a t e  t h i s  

q u a n t i t y  as t h e  r e s i d u a l  

where V is  t h e  r e t a r d i n g  

probe c u r r e n t  which can be expressed as: 

i = I o + c V  , 

probe p o t e n t i a l ,  Io i s  t h e  " d r i f t  current ' '  

R (3.1) 
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d i R  
due t o  e l e c t r o n s  wi th  e n e r g i e s  g r e a t e r  t han  % 15 ev, and c = - dV ’ 

t h e  cons t an t  s l o p e  of t h e  r e s i d u a l  c u r r e n t .  I n  terms of t h e  

equ i l ib r ium energy d i s t r i b u t i o n  f u n c t i o n  F(E),  they may be w r i t t e n  

as : 

E > 1 5  ev 

and (see Chapter 11) 

E>15 ev 

wi th  A = e f f e c t i v e  c o l l e c t o r  area, e and m are t h e  e l e c t r o n i c  charge 

and mass, r e s p e c t i v e l y ,  v i s  average speedof  t h e  e l e c t r o n s  w i t h  

ene rg ie s  g r e a t e r  than 1.5 ev, and n i s  t h e i r  concen t r a t ion ,  i .e . ,  

- 

0 

m 

n =  
0 

F(E)dE . (3  4 )  

J 
E>15 ev 

The lower l i m i t s  of t h e s e  i n t e g r a l s  do n o t  i n  any way imply 

t h a t  t h e  energy d i s t r i b u t i o n  begins  a t  o r  n e a r  15 ev and w a s  chosen 

merely because i t  w a s  t h e  maximum r e t a r d i n g  p o t e n t i a l  t o  which t h e  

experiment w a s  conducted. 

F igu res  3.4 and 3.5 show t h e  experimental  r e s u l t s  obtained 

f o r  t h e  v a l u e s  of c and I r e s p e c t i v e l y ,  as a f u n c t i o n  of a l t i t u d e  f o r  
0’ 
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both payload a scen t  and descen t .  

c u r r e n t  curves  i n  t h e  r e t a r d i n g  probe p o t e n t i a l  range  of 7 - 12 v o l t s  

r e l a t i v e  t o  t h e  v e h i c l e .  The va lues  f o r  t h e  s l o p e s  c were obta ined  

by applying a least squa re  r o u t i n e  t o  compute t h e  b e s t  l i n e a r  f i t s  of 

t h e  d i g i t a l  d a t a .  The va lues  f o r  I w e r e  ob ta ined  by e x t r a p o l a t i n g  

from t h e  l i n e a r  s e c t i o n s  t o  p l a s m a  p o t e n t i a l  u t i l i z i n g  t h e  va lues  

obta ined  f o r  c and t h e  v e h i c l e  p o t e n t i a l  d a t a .  

They were c a l c u l a t e d  from t h e  

0 

We n o t e  t h a t  t h e r e  e x i s t s  a very  c l o s e  c o r r e l a t i o n  between 

Figures  3.2,  3.4, and 3.5 where each q u a n t i t y  as a func t ion  of a l t i t u d e  

inc reased  by a f a c t o r  of t h r e e  n e a r l y  s imul taneous ly  from approximately 

120 t o  240 km. It i s  as i f  t h e  l i n e a r  c u r r e n t  i w a s  being r o t a t e d  R 

about i ts i n t e r c e p t  w i th  t h e  ze ro  c u r r e n t  axis. W e  s h a l l  d i s c u s s  t h i s  

p a r t i c u l a r  p o i n t  i n  more d e t a i l  i n  t h e  next  chap te r .  

There appears  t o  be e x c e l l e n t  agreement between t h e  upleg 

and downleg measurements of t h e  minimum probe c u r r e n t s  as shown i n  

F igures  3.2, The measurements of t h e  r e s i d u a l  c u r r e n t  s lopes  C ,  

t oge the r  w i th  t h e  e x t r a p o l a t e d  va lues  f o r  Io ( i R  f o r  V = 0 ) ,  w e r e  

determined a t  a lower e l ec t rome te r  s e n s i t i v i t y  (10 A) and as a r e s u l t  

of t h e  smaller s i g n a l  t o  n o i s e  r a t i o ,  showed a g r e a t  d e a l  more 

s c a t t e r i n g  . 

-8 

2. The Secondary Current  

The r e s i d u a l  probe c u r r e n t  w a s  def ined  i n  t h e  preceeding 

s e c t i o n  as t h e  c o n t r i b u t i o n  from ambient e l e c t r o n s  wi th  e n e r g i e s  

E > 15 ev. 

w e  may then  o b t a i n  the c u r r e n t  c o n t r i b u t i o n  from ambient e l e c t r o n s  

whose ene rg ie s  are less than  

By s u b t r a c t i n g  t h i s  q u a n t i t y  from t h e  t o t a l  probe c u r r e n t ,  

15 ev. S ince  w e  observe n e a r l y  no 
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e l e c t r o n s  i n  t h e  range of e n e r g i e s  between approximately 8 and 15 ev 

(i.e.,  t h e  c u r r e n t  is l i n e a r  w i th  t h e  r e t a r d i n g  probe p o t e n t i a l  

approximately where t h e  r e s i d u a l  c u r r e n t s  w e r e  computed) , t h e  

c o n t r i b u t i o n s  t o  t h e  t o t a l  probe c u r r e n t  less t h e  r e s i d u a l  c u r r e n t  

are p r i m a r i l y  from t h e  ambient e l e c t r o n s  wi th  e n e r g i e s  less than  

% 8 ev. The s l o p e s  of t h e  r e s i d u a l  c u r r e n t  from most of t h e  curves 

are r e l a t i v e l y  s m a l l  ( % 1 - 3 x 10 amps/volt)  s o  t h a t  f o r  a l l  

p r a c t i c a l  purposes ,  w e  are s u b t r a c t i n g  a cons t an t  term from t h e  t o t a l  

-10 

probe c u r r e n t .  

W e  s h a l l  c a l l  t h e  c u r r e n t  from t h e  e l e c t r o n s  with e n e r g i e s  

less than % 8 ev, t h e  reduced probe c u r r e n t .  F igu re  3.6 shows t h e  

reduced probe c u r r e n t  as a f u n c t i o n  of t h e  r e t a r d i n g  probe p o t e n t i a l  

p l o t t e d  on log  scale. 

w a s  obtained a t  approximately 194 km on payload a s c e n t .  It i s  made up 

of t h r e e  s e c t i o n s  corresponding t o  t h r e e  d i f f e r e n t  levels of 

e l ec t rome te r  s e n s i t i v i t y  (10 

This p a r t i c u l a r  cu r ren t -vo l t age  c h a r a c t e r i s t i c  

-6, - 7 ,  -8,) 

Since t h e  reduced cu r ren t -vo l t age  c h a r a c t e r i s t i c  i n d i c a t e d  

two d i s t i n c t  l i n e a r  r eg ions  when t h e  c u r r e n t  i s  p l o t t e d  on a 

loga r i thmic  scale, w e  s h a l l  treat t h i s  c u r r e n t  as a r i s i n g  from two 

d i s t i n c t  d i s t r i b u t i o n s ,  a thermal  and a secondary d i s t r i b u t i o n .  The 

s e c t i o n  AB as shown i n  F igu re  3.6 may b e  i d e n t i f i e d  as t h e  r e t a r d e d  

thermal c u r r e n t  and w e  s h a l l  r e f e r  t o  s e c t i o n  BC as t h e  r e t a r d e d  

secondary c u r r e n t .  The thermal  c u r r e n t  i s  g e n e r a l l y  observed t o  

occur f o r  probe p o t e n t i a l s  g r e a t e r  t han  % 1 v o l t  n e g a t i v e  w i t h  r e s p e c t  

t o  t h e  plasma w h i l e  t h e  secondary c u r r e n t  appears f o r  probe p o t e n t i a l s  

less than  t h i s  va lue .  
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A s  w a s  s t a t e d  i n  Chapter 11, t h e  p u l s e  probe c u r r e n t  i n  t h e  

DC mode of ope ra t ion  under a r e t a r d i n g  probe p o t e n t i a l  relative t o  t h e  

plasma has  e s s e n t i a l l y  t h e  same c u r r e n t  c h a r a c t e r i s t i c  as t h e  Langmuir 

probe with t h e  except ion t h a t  t h e r e  i s  no p o s i t i v e  i o n  c o n t r i b u t i m  t o  

t h e  t o t a l  c o l l e c t o r  c u r r e n t .  The probe sc reens  merely reduce t h e  

t r ansmiss ion  and a l ter  t h e  s p a t i a l  p o t e n t i a l  v a r i a t i o n  about t h e  

c o l l e c t o r .  The t h r e e  o u t e r  elements of t h e  probe are a t  approximately 

t h e  s a m e  p o t e n t i a l .  Thus, f o r  a r e t a r d i n g  sweep p o t e n t i a l  V ,  t h e  

c u r r e n t  i s  e s s e n t i a l l y  independent of t h e  exac t  p o t e n t i a l  v a r i a t i o n  

about t h e  c o l l e c t o r  ( f o r  our  p a r t i c u l a r  case, t h e  v a r i a t i o n  is  

monotonic),  and i f  t h e  e l e c t r o n s  have a Maxwellian d i s t r i b u t i o n ,  t h e  

probe c u r r e n t  may be expressed as: 

-eV 
kT 
- 

( 3  9 5) i ( V >  = a Io e 

A p l o t  of l o g  i ( V ) ,  as a f u n c t i o n  of t h e  r e t a r d i n g  p o t e n t i a l  V ,  w i l l  

t hen  r e s u l t  i n  a s t r a i g h t  l i n e  where t h e  s l o p e  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  e l e c t r o n  temperature.  

The r e t a r d e d  thermal  c u r r e n t  shown as t h e  s e c t i o n  AB i n  

Figure 3.6 i s  indeed approximately a s t r a i g h t  l ine  and t h e  m a j o r i t y  

of t h e  e l e c t r o n s  t h a t  c o n t r i b u t e  t o  t h i s  c u r r e n t  may b e  c h a r a c t e r i z e d  

as having a Maxwellian energy d i s t r i b u t i o n .  

c a l c u l a t e d  i n  terms of t h e  s l o p e s  w i l l  b e  d i scussed  i n  t h e  fol lowing 

sect ion .  

The e l e c t r o n  temperatures 

The r e s u l t s  f o r  t h e  secondary probe c u r r e n t s  are a t  f i r s t  

glance somewhat unexpected i n  t h a t  t h e y  i n d i c a t e  t h e  c u r r e n t  as being 

ve ry  n e a r l y  an exponen t i a l  f u n c t i o n  ( u s u a l l y  a s s o c i a t e d  wi th  a 
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Maxwellian d i s t r i b u t i o n  of e n e r g i e s )  of t h e  r e t a r d i n g  probe v o l t a g e  

over a r a t h e r  e x t e n s i v e  s t r e t c h  of t h e  curve.  Furthermore, t h i s  

exponen t i a l  form w a s  found t o  be an e x c e l l e n t  approximation f o r  a l l  

t h e  curves t h a t  w e r e  ob ta ined  between t h e  a l t i t u d e s  of % 120 km and 

240 km ( t h e  lat ter corresponding t o  payload apogee) i n  both payload 

a scen t  as w e l l  a s d e s c e n t .  Figure 3.7 shows t h r e e  d i f f e r e n t  reduced 

probe c u r r e n t  curves corresponding t o  t h r e e  d i f f e r e n t  a l t i t u d e s  

(126, 174 ,  and 239 km). 

The exponen t i a l  s l o p e s  were found t o  g e n e r a l l y  dec rease  

wi th  i n c r e a s i n g  a l t i t u d e s  and t h e  magnitudes of t h e  c u r r e n t  corresponding 

t o  a given r e t a r d i n g  probe p o t e n t i a l  were observed t o  i n c r e a s e  wi th  

i n c r e a s i n g  a l t i t u d e s .  The exponen t i a l  s l o p e s  of t h e  secondary probe 

c u r r e n t s  w e r e  approximately 10 t i m e s  smaller i n  g e n e r a l ,  i n  

comparison wi th  t h e  exponen t i a l  s l o p e s  of t h e  thermal c u r r e n t  s e c t i o n .  

I n  p r i n c i p l e ,  t h e  Druyvesteyn method can b e  app l i ed  f o r  

ob ta in ing  t h e  e l e c t r o n  energy d i s t r i b u t i o n  f u n c t i o n  (equat ion 2.18) 

by t ak ing  t h e  second d e r i v a t i v e  of t h e  c u r r e n t  w i th  r e s p e c t  t o  t h e  

r e t a r d i n g  sweep p o t e n t i a l .  However, g r a p h i c a l  d i f f e r e n t a t i o n  i s  

i n a c c u r a t e  even f o r  e x c e p t i o n a l l y  high s i g n a l  t o  n o i s e  r a t i o s  without  

some "smoothing" of t h e  curves.  

concluded t h a t  t h i s  would b e  g e n e r a l l y  unnecessary s i n c e  t h e  r e t a r d e d  

secondary probe c u r r e n t  is s o  n e a r l y  exponent ia l .  So,  w i th  r e s p e c t  t o  

d a t a  a n a l y s i s  of t h e  secondary d i s t r i b u t i o n  c u r r e n t ,  w e  s h a l l  treat i t  

as i f  i t  r e p r e s e n t s  a "second Maxwellian" d i s t r i b u t i o n  and determine 

a temperature  and d e n s i t y  from each c u r r e n t  c h a r a c t e r i s t i c  i n  t h e  same 

manner t h a t  w e  s h a l l  treat t h e  thermal  c u r r e n t .  W e  s h a l l  p re sen t  t h e s e  

I n  t h i s  p a r t i c u l a r  case, w e  have 
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va lues  t o g e t h e r  w i th  t h e i r  d i s c u s s i o n  i n  t h e  next  chap te r .  

3. The Thermal Current 

Because t h e  energy d i s t r i b u t i o n  of t h e  thermal e l e c t r o n s  i s  

approximately Maxwellian, t h e  r e t a r d e d  thermal c u r r e n t  when p l o t t e d  

l o g a r i t h m i c a l l y  as a f u n c t i o n  of t h e  probe p o t e n t i a l  g ives  rise t o  a 

s t r a i g h t  l i n e  wi th  t h e  temperature  of t h e  e l e c t r o n s  being i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  exponen t i a l  s l o p e :  

(e '  

T =  
* d ( l n I )  

dV I 

I f  w e  determine t h e  e l e c t r o n  temperature  from t h e  c u r r e n t  

curve where t h e  e l ec t rome te r  had a f i x e d  s e n s i t i v i t y ,  then i t  matters 

n o t  what exac t  v a l u e  w e  had f o r  t h e  s e n s i t i v i t y  provided t h a t  i t  w a s  

cons t an t  over t h e  t i m e  pe r iod  when t h e  c u r r e n t  w a s  measured. The 

r e s u l t i n g  temperature  does,  however, depend on t h e  ze ro  c u r r e n t  l e v e l .  

The exponen t i a l  s l o p e s  of t h e  c u r r e n t  from t h e  r e t a r d e d  

thermal s e c t i o n  of t h e  curves w e r e  obtained by m a k i n g l e a s t  squa re  f i t s  

(with weighted r e s i d u a l s )  of t h e  d i g i t i z e d  d a t a .  The r e s u l t s  f o r  t h e  

thermal e l e c t r o n  temperature ,  as determined wi th  equat ion (3 .6)  are 

shown as a f u n c t i o n  of t h e  a l t i t u d e  i n  Figure 3.8 ,  bo th  f o r  payload 

as cen t  and des  cen t .  

A s  t h e  r e t a r d e d  probe p o t e n t i a l  is  made less n e g a t i v e  with 

r e s p e c t  t o  t h e  plasma, t h e  c o l l e c t o r  c u r r e n t  as a f u n c t i o n  of t h e  probe 

t o  plasma p o t e n t i a l  begins  t o  d e v i a t e  from t h e  exponen t i a l  form at  o r  

nea r  t h e  plasma p o t e n t i a l .  When t h e  probe is  under an a c c e l e r a t i n g  

p o t e n t i a l  w i th  r e s p e c t  t o  t h e  plasma, t h e  c u r r e n t  is, i n  g e n e r a l ,  a 
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f u n c t i o n  of t h e  dimension of t h e  s h e a t h  a s s o c i a t e d  w i t h  t h e  probe and 

w i l l  va ry  more g r a d u a l l y  wi th  probe p o t e n t i a l  t han  t h e  exponen t i a l  

v a r i a t i o n  i n  t h e  r e t a r d a t i o n  region.  

corresponding t o  plasma p o t e n t i a l  on a Langmuir probe c h a r a c t e r i s t i c  

i s ,  i n  g e n e r a l ,  very d i f f i c u l t  t o  a s c e r t a i n .  

on t h e  loga r i thmic  c u r r e n t  p l o t  is  c l e a r l y  i d e n t i f i a b l e  ( i n  most ca ses  

they are n o t  s h a r p ) ,  t h i s  i n f l e c t i o n  p o i n t  need n o t  correspond e x a c t l y  

t o  plasma p o t e n t i a l .  The form of t h e  c u r r e n t  nea r  plasma p o t e n t i a l  is  

s t r o n g l y  dependent upon t h e  s u r f a c e  patch e f f e c t  of t h e  c o l l e c t o r .  

However, t h i s  patch e f f e c t  does n o t  apply t o  t h e  p u l s e  probe c u r r e n t  

because of t h e  l a r g e  p o t e n t i a l  b i a s  p r e s e n t  between t h e  innermost g r i d  

(which is  t h e  e f f e c t i v e  c o l l e c t i o n  a r e a )  and t h e  c o l l e c t o r .  

The l o c a t i o n  of t h e  p o i n t  

Even i f  t h e  "break point"  

In t h e  p u l s e  probe experiment aboard f l i g h t  18.12, t h e  

f a i l u r e  of t h e  probe e r e c t i o n  mechanism l e f t  t h e  probe i n  a p o s i t i o n  t o  

b e  e f f e c t e d  by t h e  s h e a t h  a s s o c i a t e d  wi th  t h e  v e h i c l e ,  t h u s ,  t h e  c u r r e n t  

d e v i a t e s  from t h e  exponen t i a l  form a t  a s l i g h t l y  n e g a t i v e  p o t e n t i a l  

w i th  r e s p e c t  t o  t h e  plasma. The s h i e l d i n g  e f f e c t  of t h e  v e h i c l e  shea th  

may o r  may n o t  have e f f e c t e d  t h e  e n t i r e  f i e l d  of view of t h e  probe. 

Neve r the l e s s ,  t h e  conclusion is  t h a t  we  observe a n e t  r educ t ion  of t h e  

thermal c u r r e n t  beginning a t  a p o i n t  s l i g h t l y  n e g a t i v e  of t h e  plasma 

p o t e n t i a l  and s h a l l  abandon any at tempt  t o  u t i l i z e  t h e  thermal  

c u r r e n t  f o r  d e r i v i n g  ambient e l e c t r o n  d e n s i t i e s .  

With r ega rd  t o  o b t a i n i n g  v e h i c l e  p o t e n t i a l s ,  w e  have u t i l i z e d  

ionosonde e l e c t r o n  d e n s i t i e s  provided t o  u s  by J. W. Wright ,  F igu re  3.10. The 

method t h a t  w a s  employed i s  as fo l lows :  f i r s t ,  w e  extend t h e  r e t a r d e d  

thermal c u r r e n t  which appears  as approximately a s t r a i g h t  l ine  on t h e  
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semilog p l o t ,  toward more p o s i t i v e  p o t e n t i a l s .  Then, computing f o r  

t h e - d r i f t  c u r r e n t  I by: 
0 

kT Io = aneA 4 - 2 ~ r m  ’ 

where a = t r ansmiss ion  c o e f f i c i e n t ,  A = e f f e c t i v e  c o l l e c t o r  area ( t h e  

area of t h e  innermost g r i d ) ,  T = e l e c t r o n  temperature  obtained by t h e  

methods o u t l i n e d  above, and n = t h e  ionosonde e l e c t r o n  concen t r a t ion ,  

w e  l o c a t e  on t h e  extended l i n e  t h e  p o i n t  corresponding t o  I The 

app l i ed  p o t e n t i a l  corresponding t o  t h i s  po in t  i s  then equa l  t o  t h e  

nega t ive  v e h i c l e  p o t e n t i a l .  

p o t e n t i a l s  ob ta ined  i n  t h i s  manner as a f u n c t i o n  of a l t i t u d e  i n  

Figure 3.9,  and s h a l l  leave t h e i r  d i s c u s s i o n  t o  t h e  fol lowing chap te r s .  

0 

We have p l o t t e d  t h e  v a l u e s  f o r  t h e  v e h i c l e  
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CHAPTER I V  

ANALYSIS OF THE SUPRATHERMAL COMPONENT 

A. In t roduc t ion  

The exper imenta l  d a t a ,  as obta ined  wi th  t h e  p u l s e  probe opera ted  

i n  t h e  DC mode, i n d i c a t e d  t h a t  t h e  t o t a l  probe c u r r e n t  can be  

considered as t h e  sum of t h r e e  d i s t i n c t  c u r r e n t s ,  each dominating over 

a s e p a r a t e  r eg ion  of r e t a r d i n g  probe p o t e n t i a l s .  I n  our a n a l y s i s ,  we 

a t t r i b u t e  t h e s e  observed c u r r e n t s  t o  d i s t i n c t l y  d i f f e r e n t  e l e c t r o n  

d i s t r i b u t i o n s  and have proceeded t o  ana lyze  each term s e p a r a t e l y .  

The c o l l e c t o r  c u r r e n t  a t  small  r e t a r d i n g  probe p o t e n t i a l s  ( * -  less 

than  1 v o l t )  is dominated, f o r  t h e  most p a r t ,  by t h e  c o l l e c t i o n  of 

thermal  e l e c t r o n s  wi th  a c h a r a c t e r i s t i c  Maxwellian d i s t r i b u t i o n  of 

ene rg ie s .  The exper imenta l ly  determined thermal  temperatures  were 

presented  i n  t h e  preceding chap te r  and w e r e  found t o  i n c r e a s e  wi th  

a l t i t u d e  i n  the  r eg ion  between 120 t o  240 km from approximately a 

v a l u e  of 1.5 t o  2 .5  x lo3 OK. 

I n  t h i s  c h a p t e r ,  w e  wish t o  p re sen t  t h e  r e s u l t s  from t h e  a n a l y s i s  

of t h e  c o l l e c t o r  c u r r e n t  d e t e c t e d  wi th  r e t a r d i n g  probe p o t e n t i a l s  

g r e a t e r  t han  approximately 1 v o l t ,  r e f e r r i n g  t o  t h i s  c u r r e n t  a s  t h a t  

produced by supra thermal  e l e c t r o n s  ( i . e . ,  e l e c t r o n s  wi th  e n e r g i e s  

g r e a t e r  than  % 1 e v ) .  This  supra thermal  c u r r e n t  i s  t h e  sum of  t h e  

l i n e a r  r e s i d u a l  probe c u r r e n t  which i s  due t o  e l e c t r o n s  wi th  e n e r g i e s  

E > 15 ev, and what w e  have c a l l e d  t h e  secondary c u r r e n t  a r i s i n g  from 

a secondary d i s t r i b u t i o n ,  t h a t  i s ,  e l e c t r o n s  wi th  e n e r g i e s  i n  t h e  range 

between approximately 1 and 8 ev. 

We have shown t h a t  t h e  exper imenta l ly  measured secondary c u r r e n t  



-62- 

is  approximately an exponen t i a l  f u n c t i o n  of t h e  r e t a r d i n g  probe p o t e n t i a l  

f o r  t h e  a l t i t u d e  r eg ion  between approximately 120 t o  240 km (payload 

apogee). 

temperatures and d e n s i t i e s  based on t h e  assumption t h a t  t h e  secondary 

In t h e  d a t a  a n a l y s i s  of t h e  secondary c u r r e n t s ,  w e  compute 

d i s t r i b u t i o n  is  Maxwellian. This is done wi th  t h e  understanding t h a t  

t h e s e  de r ived  parameters  d e s c r i b e  t h e  exponen t i a l  s l o p e s  of t h e  

secondary c u r r e n t s  and t h e i r  i n t e r c e p t s  a t  plasma p o t e n t i a l ,  as t h e r e  

e x i s t s  no p h y s i c a l  j u s t i f i c a t i o n  f o r  t h e  secondary d i s t r i b u t i o n  t o  be 

Maxwellian ( a s  t h e r e  e x i s t s ,  f o r  i n s t a n c e ,  i n  t h e  case of t h e  thermal  

e l e c t r o n s ) .  

The d a t a  a n a l y s i s  t h a t  w e  undertake f o r  t h e  secondary c u r r e n t s  

are, t h e r e f o r e ,  ve ry  much s i m p l i f i e d  and i n  f a c t ,  i d e n t i c a l  t o  t h a t  

employed f o r  t h e  thermal  c u r r e n t s  w i th  t h e  except ion t h a t  d e n s i t y  

c a l c u l a t i o n s  w e r e  n o t  p o s s i b l e  f o r  t h e  l a t te r  on t h e  18.12 d a t a  f o r  t h e  

reasons given p rev ious ly .  The d e n s i t i e s  f o r  t h e  secondary d i s t r i b u t i o n  

were obtained from t h e  d r i f t  c u r r e n t s  which w e r e  de r ived  by exponen t i a l ly  

e x t r a p o l a t i n g  t h e  secondary c u r r e n t s  t o  plasma p o t e n t i a l .  For t h i s ,  w e  

have made use  of t h e  v e h i c l e  p o t e n t i a l s  t h a t  were obtained i n  t h e  

preceding chap te r .  

I n  s e c t i o n  C of t h i s  c h a p t e r ,  w e  w i l l  p r e sen t  t h e  r e s u l t s  ob ta ined  

from an a n a l y s i s  of t h e  linear probe r e s i d u a l  c u r r e n t s  assuming t h a t  t h e  

energy d i s t r i b u t i o n  f o r  t h e  e l e c t r o n s  w i t h  e n e r g i e s  g r e a t e r  than % 15 ev, 

is  approximately monoenergetic. Although t h i s  may b e  a g ross  

s i m p l i f i c a t i o n  of t h e  a c t u a l  s i t u a t i o n ,  i t  n e v e r t h e l e s s  serves t h e  

purpose of i l l u s t r a t i n g  t h a t  t h e  i n c r e a s e s  observed f o r  t h e  r e s i d u a l  

probe c u r r e n t s  as a l t i t u d e  i n c r e a s e s  can b e  p r i m a r i l y  a t t r i b u t e d  t o  an 
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> 
i n c r e a s e  i n  t h e  concen t r a t ion  of t h e  h igh  energy component (E % 15 ev) .  

B. The Secondary D i s t r i b u t i o n  

1. Temperatures 

The exponen t i a l  s l o p e s  of t h e  secondary c u r r e n t  were 

determined i n  approximately t h e  same manner i n  which t h e  thermal c u r r e n t s  

were analyzed (Chapter 111). Here, of course,  w e  are dea l ing  i n s t e a d  

wi th  t h e  t o t a l  c o l l e c t o r  c u r r e n t  less t h e  r e s i d u a l  c u r r e n t  f o r  r e t a r d i n g  

probe p o t e n t i a l s  approximately g r e a t e r  than 1 v o l t .  The exponen t i a l  

s l o p e s  of t h e  secondary c u r r e n t  w e r e  ob ta ined  by making least squa re  

f i t s ( w i t h  weighted r e s i d u a l s )  of t h e  d i g i t i z e d  da ta .  The e l e c t r o n  

temperatures corresponding t o  t h e  secondary energy d i s t r i b u t i o n  were 

obtained from t h e  exponen t i a l  s l o p e s  u t i l i z i n g  equa t ion  (3.6) .  

I n  F igu re  4.1, w e  have p l o t t e d  t h e  temperatures f o r  t h e  

secondary d i s t r i b u t i o n  as a func t ion  of a l t i t u d e  f o r  both payload 

a scen t  and descent .  The va lues  f o r  t h e  temperature Ts g e n e r a l l y  

inc reased  wi th  i n c r e a s i n g  a l t i t u d e ,  t h e  l a r g e s t  g r a d i e n t  occu r r ing  

between approximately 150 t o  170 km. Between roughly 130 km t o  240 km, 

Ts i nc reased  by approximately a f a c t o r  of t h r e e  from % 1 t o  % 3 x 

lo4  OK. Comparing t h e  temperatures  between payload a s c e n t  and descen t ,  

w e  f i n d  t h a t  t hey  are i n  good agreement. 

These temperatures w e r e  obtained from t h e  c u r r e n t s  d e t e c t e d  

when t h e  e l e c t r o m e t e r  w a s  operated i n  t h e  10-8A scale. Thus, they 

are e s s e n t i a l l y  independent of t h e  e x a c t  va lue  of t h e  e l e c t r o m e t e r  

s e n s i t i v i t y  provided t h a t  i t  w a s  cons t an t  over t h e  probe sweep. They 

are a l s o  independent of t h e  t r ansmiss ion  c o e f f i c i e n t  of t h e  probe s i n c e  

t h e  temperature  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  exponen t i a l  s l o p e  of 
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t h e  c u r r e n t .  The number of d a t a  p o i n t s  ob ta ined  from t h e  d i g i t i z a t i o n  

w a s  much g r e a t e r  than t h a t  ob ta ined  f o r  t h e  thermal  s e c t i o n  s i n c e  t h e  

secondary c u r r e n t  s l o p e s  were g e n e r a l l y  a f a c t o r  of t e n  smaller. 

I n  o b t a i n i n g  t h e  secondary c u r r e n t  from t h e  t o t a l  c o l l e c t o r  

c u r r e n t ,  w e  have approximated t h e  r e s i d u a l  c u r r e n t  by a cons t an t  

r a t h e r  t han  a l i n e a r  f u n c t i o n  of t h e  r e t a r d i n g  probe p o t e n t i a l .  

t h e  s l o p e s  of t h e  r e s i d u a l  c u r r e n t s  w e r e  r e l a t i v e l y  s m a l l  a t  a l l  

a l t i t u d e s ,  t h i s  amounted t o  only a s m a l l  c o r r e c t i o n  term t o  t h e  t o t a l  

secondary c u r r e n t .  The cons t an t  w a s  determined by t ak ing  t h e  average 

c u r r e n t  corresponding t o  t h e  r e t a r d i n g  probe p o t e n t i a l  i n  t h e  range of 

approximately 9 - 1 2  v o l t s .  It w a s  found t h a t  t h i s  cons t an t  

corresponded ve ry  c l o s e l y  t o  t h a t  

t h e  lowest s t anda rd  d e v i a t i o n  (% k 3% f o r  t h e  exponen t i a l  s l o p e s ) .  

Since 

providing t h e  exponen t i a l  f i t  w i th  

< 

I f  w e  had u t i l i z e d  t h e  second d e r i v a t i v e  of t h e  c u r r e n t  f o r  

determining t h e  energy d i s t r i b u t i o n  f u n c t i o n  (i.e., fol lowing t h e  

Druyvesteyn method), t hen  t h e  s u b t r a c t i o n  from t h e  t o t a l  probe c u r r e n t  

of any cons t an t  term o r  any l i n e a r  f u n c t i o n  of t h e  r e t a r d i n g  probe 

p o t e n t i a l  would n o t  i n  p r i n c i p l e  al ter t h e  r e s u l t i n g  d i s t r i b u t i o n  

f u n c t i o n  i n  any manner whatsoever. 

temperature [equat ion ( 3 . 6 ) ]  from t h e  loga r i thmic  d e r i v a t i v e  of t h e  

, r a t h e r  t h a n  from i ts  second d e r i v a t i v e ,  any l a r g e  c u r r e n t  l d I ]  c u r r e n t  - 
o f f s e t  w i l l  have an e f f e c t  on t h e  r e s u l t i n g  temperature.  However, from 

t h e  r e s u l t  t h a t  t h e  r e s i d u a l  probe c u r r e n t  does indeed provide t h e  b e s t  

exponen t i a l  f i t  f o r  t h e  secondary c u r r e n t  f o r  a l l  p r a c t i c a l  purposes,  

t hen  any i n s t r u m e n t a l  o f f s e t  i n  t h e  t o t a l  probe c u r r e n t  must appear 

only i n  t h e  r e s i d u a l  probe c u r r e n t  and n o t  i n  t h e  exponen t i a l  secondary 

c u r r e n t ,  i .e . ,  t h e  secondary c u r r e n t  is  an exponen t i a l  f u n c t i o n  of t h e  

But,  s i n c e  w e  are c a l c u l a t i n g  t h e  

\ I ,  



-66- 

r e t a r d i n g  probe p o t e n t i a l .  

I f  w e  t a k e  f o r  t h e  secondary cu r ren t  as an exponent ia l  

func t ion  of t h e  r e t a r d i n g  probe p o t e n t i a l  extending t o  t h e  p l a s m a  

p o t e n t i a l ,  w e  may then apply c o r r e c t i o n s  t o  t h e  thermal  t empera tu res  

by f i r s t  s u b t r a c t i n g  from t h e  t o t a l  probe c u r r e n t  t h e  exponent ia l  

ex tens ion  of t h e  secondary cu r ren t .  Then, from t h e  cor rec ted  thermal 

c u r r e n t s ,  o b t a i n  t h e  b e s t  f i t t e d  exponent ia l  s l o p e s  and new thermal  

temperatures  using equat ion  ( 3 . 6 ) .  These so-ca l led  cor rec ted  va lues  

of t he  thermal  e l e c t r o n  temperature are shown i n  Figure 4.2. The 

c o r r e c t i o n s  are toward smaller va lues  f o r  t h e  thermal  temperature  and 

gene ra l ly  amount t o  approximately 100 t o  200°K. 

thermal  e l e c t r o n  temperatures  are of t h e  o rde r  of t e n  times smaller 

than t h e  temperatures  der ived f o r  t h e  secondary d i s t r i b u t i o n .  The 

e f f e c t  of t h e  r e s i d u a l  probe c u r r e n t  i s  completely n e g l i g i b l e  f o r  

thermal cu r ren t  co r rec t ions .  

Thus, t he  co r rec t ed  

2.  Concentrat ions 

The assumption of a Maxwellian energy d i s t r i b u t i o n  func t ion  

f o r  the secondary e l e c t r o n s  al lows us  t o  make some estimates 

concerning t h e i r  t o t a l  concent ra t ions .  The express ion  f o r  t h e  d r i f t  

c u r r e n t  corresponding t o  t h e  probe being a t  p lasma p o t e n t i a l  may be  

expressed as : 

kTs 
J 21~m 

I,, = a n s  e A ,  - , ( 4 . 1 )  

where 01 = t ransmiss ion  c o e f f i c i e n t ,  n and T are t h e  concent ra t ion  

and temperature ,  r e s p e c t i v e l y ,  f o r  t h e  secondary d i s t r i b u t i o n .  

S S 

Table 4 .1  lists t h e  va lues  of  ns and t h e  var ious  parameters 

used i n  i t s  determinat ion.  The v e h i c l e  p o t e n t i a l s  were obtained by t h e  
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TABLE 4.1 SECONDARY ELECTRON CONCENTRATIONS 

A l t i t u d e  nt ( ionos.)  nS 

(km) 105/cm3 I,(IO-~A) V, I , , ( ~ o - ~ A )  ns(lo2/cm3> "t 
f = - ( l o - - )  

Ascent 120 
126 
138 
149 
164 
174 
187 
194 
202 
211 
217 
224 
228 
231 
235 
2 37 
2 39 

Descent 237 
231 
227 
223 
216 
2 10 
204 
193 
184 
171 
162 
151 
134 
123 

1.78 
1.78 
2.11 
2.57 
3.11 
3.58 
4.24 
4.75 
5.17 
6.01 
6.46 
7.31 
7.70 
8.13 
8.40 
8.80 
9.00 

8.80 
8.13 
7.60 
7.20 
6.34 
5.85 
5.32 
4.70 
4.10 
3.50 
3.08 
2.73 
1.90 
1.78 

7 .O 
7.0 
8.3 

10.6 
15.0 
18.4 
23.6 
27.1 
30.2 
35.1 
37.7 
42.7 
45.9 
48.5 
50.1 
52.5 
53.7 

52.5 
48.5 
45.3 
42 .O 
37 .O 
34.1 
31.0 
26.8 
22.2 
17.4 
14.8 
11.3 
7.5 
7.0 

Nike-Tomahawk 18.12 March 30, 1968 
DC Mode 

I = Thermal d r i f t  c u r r e n t  
0 

= Secondary d r i f t  c u r r e n t  
I O S  

Vs = Vehic le  p o t e n t i a l  

1.8 
1 . 7  
1.9 
2 .1  
2 .1 
2.1 
2.2 
2.2 
2.5 
2.4 
2.5 
2.5 
2.2 
2.3 
2.4 
2.2 
2.3 

2.2 
2.3 
2.3 
2.4 
2.3 
2.4 
2 .3  
2.2 
2.2 
2.1 
1.9 
1.8 
2.0 
2.4 

5.12 
7.21 
3.35 
2.93 
2.09 
2.14 
2.28 
2.60 
2.33 
2.51 
2.70 
2.88 
2.51 
2.98 
3.26 
3.63 
4.08 

3.63 
2.88 
2.42 
2.5 
2.5 
2.37 
2.5 
2.5 
2.42 
2.33 
1.86 
2.23 
3.90 

10.9 

5.8 
8.1 
3.0 
2.4 
1 . 5  
1 .4  
1.4 
1.6 
1.4 
1.4 
1.6 
1.6 
1 .5  
1.8 
1.9 
2.1 
2.4 

2.1 
1.6 
1.4 
1.5 
1.5 
1.4 
1.5 
1.5 
1.5 
1.5 
1.3 
1.8 
3.6 

11.5 

* 33 
.46 
.14 
.09 
.05 
.04 
.03 
.03 
.03 
.02 
.02 
.02 
.02 
.02 
.02 
.02 
.03 

.02 

.02  

.02 

.02 

.02 

.02 

.03 

.03 

.04 

.04 

.04 

. 0 7  

.19 

.65 

ct = 0.8 
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e x t r a p o l a t i o n  of t h e  thermal  c u r r e n t  s e c t i o n  toward p o s i t i v e  probe 

p o t e n t i a l s  and then  u t i l i z i n g  ionosonde d e n s i t i e s  f o r  l o c a t i n g  t h e  

p o i n t  corresponding t o  plasma p o t e n t i a l  as o u t l i n e d  i n  t h e  previous 

chapter .  

t h e  range of a l t i t u d e s  between approximately 150 t o  240 km, t h e  la t ter  

The v a l u e s  ob ta ined  f o r  ns are approximately cons t an t  over 

corresponding t o  payload apogee. I n  t h i s  range of a l t i t u d e s ,  t h e  

secondary concen t r a t ion  is  approximately 150 - 200 electrons/cm3 f o r  

01 % 0.8. 

W e  n o t e  t h a t  because t h e  secondary c u r r e n t s  possess  much 

smaller exponen t i a l  s l o p e s  than t h e  thermal c u r r e n t s ,  t h e  

u n c e r t a i n t i e s  of t h e  v e h i c l e  t o  plasma p o t e n t i a l  are much less l i k e l y  

t o  produce s i g n i f i c a n t  e r r o r s  i n  t h e  va lues  obtained f o r  t h e  secondary 

d r i f t  c u r r e n t s  I and t h e r e f o r e ,  i n  t h e  secondary concen t r a t ions .  

This is  e s p e c i a l l y  t r u e  a t  t h e  h ighe r  a l t i t u d e s  where t h e  temperatures 

of t h e  secondary d i s t r i b u t i o n  are approximately 3 x 10 K. 

C. E l ec t rons  wi th  Energies  % 15 ev 

os 

4 0  

> 

It w a s  noted i n  t h e  preceding chap te r  t h a t  i n  t h e  n e g a t i v e  range 

of app l i ed  probe p o t e n t i a l s  of approximately 6 - 13 v o l t s  w i t h  r e s p e c t  

t o  t h e  v e h i c l e  ( o r ,  approximately 8 - 15 v o l t s  w i th  r e s p e c t  t o  t h e  

plasma),  t h e  c o l l e c t o r  c u r r e n t  w a s  observed t o  be l i n e a r  w i th  t h e  

r e t a r d i n g  probe p o t e n t i a l .  From t h e  Druyvesteyn r e l a t i o n s h i p ,  i t  

w a s  t hen  concluded t h a t  t h e r e  exists few e l e c t r o n s  wirh e n e r g i e s  

between roughly 8 and 15 ev ( s i n c e  - d2i 
dV2 

p o t e n t i a l s ) .  

0 i n  t h i s  r eg ion  of r e t a r d i n g  

Furthermore, t h i s  l i n e a r  c u r r e n t ,  which w e  have c a l l e d  t h e  r e s i d u a l  

probe c u r r e n t ,  w a s  a t t r i b u t e d  t o  ambient e l e c t r o n s  w i t h  e n e r g i e s  
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g r e a t e r  t han  % 15 ev and w a s  s u b t r a c t e d  from t h e  t o t a l  c o l l e c t o r  c u r r e n t  

i n  t h e  a n a l y s i s  of t h e  temperatures  and concen t r a t ions  of t h e  secondary 

d i s t r i b u t i o n .  The s l o p e s  of t h e  r e s i d u a l  probe c u r r e n t  and t h e i r  

i n t e r c e p t s  a t  plasma p o t e n t i a l  w e r e  presented i n  Chapter I11 (Figures  

3.4 and 3.5). 

W e  a t t r i b u t e  t h e  d e t e c t e d  r e s i d u a l  probe c u r r e n t s  t o  t h e  e x i s t e n c e  

> 
of a high energy component of ambient e l e c t r o n s  (E 'L 15 ev). It i s  

u n l i k e l y  t h a t  t h i s  c u r r e n t  is  t h e  r e s u l t  of p h o t o e l e c t r i c  o r  secondary 

emission of e l e c t r o n s  from t h e  c o l l e c t o r  because such a c u r r e n t  would 

appear as a p o s i t i v e  c u r r e n t  t o  our  d e t e c t o r .  

p o t e n t i a l  b i a s  on t h e  c o l l e c t o r  (% 26 v o l t s )  re la t ive t o  t h e  

innermost g r i d  would suppres s  any s i g n i f i c a n t  e l e c t r o n  emission from 

t h e  c o l l e c t o r  element.  Displacement c u r r e n t s  a s s o c i a t e d  wi th  t h e  

probe sweep are s m a l l  (<  2 x 10-l' AMPS), and a g a i n  of t h e  o p p o s i t e  

s i g n  t o  t h e  observed r e s i d u a l  probe c u r r e n t  ( i n  t h e  DC mode of 

ope ra t ion ,  t h e  probe sweep is  toward more n e g a t i v e  v a l u e s . )  The 

o v e r a l l  e f f e c t  of t h e  displacement c u r r e n t  i s  approximately a cons t an t  

term r a t h e r  t han  a l i n e a r  f u n c t i o n  of t h e  r e t a r d i n g  p o t e n t i a l  ( i . e . ,  

I a - , and f o r  t h e  l i n e a r  probe sweep, - i s  approximately cons t an t ) .  

Thus, bo th  of t h e s e  e f f e c t s  c o n t r i b u t e  t o  produce s m a l l  p o s i t i v e  

c o r r e c t i o n  t e r m s  (< 10%) t o  t h e  observed r e s i d u a l  probe current.  

The l a r g e  p o s i t i v e  

dV dV 
D d t  d t  

Since t h e  maximum n e g a t i v e  probe p o t e n t i a l  relative t o  t h e  plasma 

was approximately 15 v o l t s ,  w e  do n o t  have any in fo rma t ion  regarding 

t h e  energy d i s t r i b u t i o n  f o r  t h e  e l e c t r o n s  wi th  e n e r g i e s  beyond % 15 ev. 

I n  t h e  absence o f  experimental  d a t a  concerning t h i s  d i s t r i b u t i o n ,  w e  

s h a l l  assume f o r  t h e  p re sen t  t h a t  t h e  high energy component (E 'L 15 ev) 
> 
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was approximately monoenergetic w i th  energy Eo. 

t o  assuming t h a t  t h e  c u r r e n t  continued t o  vary l i n e a r l y  with t h e  

r e t a r d i n g  probe p o t e n t i a l  up t o  Vo= E o / e ,  and remained ze ro  t h e r e a f t e r .  

This is  equ iva len t  

I f  w e  t a k e  f o r  t h e  energy d i s t r i b u t i o n  f u n c t i o n  F(E) t o  be a 

&-funct ion,  t hen  equa t ions  ( 3 . 2 )  and ( 3 . 3 )  may b e  reduced t o :  

f o r  t h e  d r i f t  c u r r e n t ,  and 

f o r  t h e  s l o p e  of t h e  r e s i d u a l  c u r r e n t .  

0' 
Solving f o r  E w e  o b t a i n  

E = - . - 0 
C 

( 4 . 4 )  

I f  Vo corresponds t o  t h e  r e t a r d i n g  probe p o t e n t i a l  

r e s i d u a l  c u r r e n t  i n t e r c e p t s  t h e  zero c u r r e n t  a x i s ,  i .e . ,  

i (V ) = Io + cv0 = 0, then  Eo = eVo.  

of t h i s  h igh  energy component can b e  obtained from e i t h e r  equa t ion  ( 4 . 2 )  

o r  ( 4 . 3 )  , once Eo i s  known. 

where t h e  l i n e a r  * 

The e l e c t r o n  concen t r a t ion  no R o  

I n  Figure 4 . 3 ,  t h e  computed v a l u e s  f o r  Eo, as determined wi th  

equa t ion  ( 4 . 4 )  wi th  t h e  experimental ly  measured va lues  of t h e  r e s i d u a l  

probe c u r r e n t ,  are p l o t t e d  as a f u n c t i o n  of a l t i t u d e  f o r  both payload 

a s c e n t  and descent .  With t h e  p o s s i b l e  except ion of t h e  two p o i n t s  

occur r ing  a t  approximately 160 km, t h e  values f o r  Eo are r e l a t i v e l y  

cons t an t  (% 26 ev) .  It is  n o t  clear why t h e  l a r g e  d e p a r t u r e  (by 
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almost a f a c t o r  of two) occurs  a t  approximately 160 km, on both a scen t  

and descen t ,  w i t h  roughly t h e  same d e v i a t i o n .  

The v a l u e s  f o r  t h e  e l e c t r o n  concen t r a t ion  n based on t h e  
0’ 

assumption of a monoenergetic d i s t r i b u t i o n ,  are shown as a func t ion  of 

a l t i t u d e  i n  F igu re  4.4 f o r  both payload a s c e n t  and descent .  There is  

a g e n e r a l  i n c r e a s e  wi th  i n c r e a s i n g  a l t i t u d e  by roughly a f a c t o r  of 

t h r e e  from % 5 t o  14 electrons/cm3,  between approximately 120 t o  240 km. 

Thus, under t h e  assumption t h a t  t h e  energy d i s t r i b u t i o n  f o r  

e l e c t r o n s  w i t h  e n e r g i e s  g r e a t e r  t han  % 15 ev i s  monoenergetic, t h e  

i n c r e a s e s  t h a t  are observed f o r  t h e  r e s i d u a l  probe c u r r e n t s  can b e  

a t t r i b u t e d  t o  t h e  i n c r e a s e  i n  t h e  concen t r a t ion  no. 

va lues  f o r  Eo are independent of t h e  c o e f f i c i e n t  of t r ansmiss ion  of t h e  

probe and t h e  e l e c t r o m e t e r  s e n s i t i v i t y ,  assuming t h a t  they are 

approximately cons t an t  over a p a r t i c u l a r  probe sweep. The concen t r a t ion  

no, on t h e  o t h e r  hand, depends on both of t h e s e  q u a n t i t i e s  and i n  t h e  

expres s ions  t h a t  w e  have u t i l i z e d ,  i t  i s  only weakly dependent upon 

t h e  va lue  of Eo [ t h e  i n v e r s e  h a l f  power i n  equa t ion  (4.2) ,  o r  d i r e c t l y  

as t h e  h a l f  power i n  equa t ion  (4.3) 1. 

W e  n o t e  t h a t  t h e  

For an a r b i t r a r y  energy d i s t r i b u t i o n  f u n c t i o n  de f ined  over t h e  

range of e n e r g i e s  between E 1  and E2, t hen  i t  is clear t h a t  E1 < Eo< E2, 

where Eo % 

240 km. Wri t ing f o r  t h e  energy d i s t r i b u t i o n  f u n c t i o n  F(E) as: 

26 ev f o r  t h e  a l t i t u d e  r eg ion  between approximately 160 t o  

F(E) = no f(E) 

where no is  t h e  concen t r a t ion  f o r  e l e c t r o n s  wi th  e n e r g i e s  g r e a t e r  than 

% 15 ev, w e  o b t a i n  t h e  fol lowing expres s ions  f o r  t h e  r e s i d u a l  probe 

c u r r e n t :  
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r E2 

f (E) E’dE 

and 

2 
Ae a 

2Jzm 
c = -  - rE2 

f (E)E-’dE 

’ 

(4.5) 

I f  t h e  d i s t r i b u t i o n  f u n c t i o n  f (E)  remained cons t an t  i n  t h e  a l t i t u d e  

range of % 160 t o  240 km, then t h e  observed i n c r e a s e s  i n  t h e  r e s i d u a l  

probe c u r r e n t s  must n e c e s s a r i l y  b e  due t o  t h e  i n c r e a s e s  i n  t h e  e l e c t r o n  

concen t r a t ion  no, s i n c e  t h e  i n t e g r a l s  appearing i n  equa t ions  (4.5) and 

(4.6) are merely cons t an t s .  It is a l s o  apparent  t h a t  t h e  simultaneous 

i n c r e a s e s  bya  f a c t o r  of t h r e e  of t h e  q u a n t i t i e s  I and c wi th  a l t i t u d e  

cannot b e  due t o  a la teral  s h i f t  of t h e  energy distribut’ion f u n c t i o n  

along t h e  energy a x i s .  

toward g r e a t e r  e n e r g i e s ,  then t h e  i n t e g r a l  i n  equa t ion  ( 4 . 5 )  would 

i n c r e a s e  because of t h e  weight ing f a c t o r  i‘, whereas t h e  i n t e g r a l  i n  

equat ion (4.6) i nvo lv ing  t h e  f a c t o r  E would decrease.  If t h e  l a t e ra l  

s h i f t  w a s  toward lower e n e r g i e s ,  w e  would encounter t h e  same r e s u l t s  

w i th  t h e  r o l e s  played by t h e  i n t e g r a l s  being r eve r sed .  

0 

For i n s t a n c e ,  i f  t h e  la teral  s h i f t  of f (E)  w a s  

-’ 

Table 4.2 summarizes t h e  r e s u l t s  obtained assuming a monoenergetic 

The d i s t r i b u t i o n  f o r  t h e  e l e c t r o n s  wi th  e n e r g i e s  g r e a t e r  t han  ?, 15 ev. 

last column i n  t h i s  t a b l e  gives t h e  i n t e g r a l  f l u x  of e l e c t r o n s  w i t h  

e n e r g i e s  % 15 ev. 

c u r r e n t  (Figure 3.5),and d i v i d i n g  i t  by eA. 

i n c r e a s e  wi th  a l t i t u d e  from 4 x 10 electrons/cm - sec. a t  

approximately 138 km t o  % 1.2 x lo9 e l ec t rons / cm 

> 
This w a s  ob ta ined  by t a k i n g  Io, t h e  d r i f t  

They i n d i c a t e  a g e n e r a l  

8 2 

2 - sec. nea r  240 km. 



Table 4.2 EFFECTIVE HIGH ENERGY Eo AND CONCENTRATION no 

Ascent 

A 1  t i tude  
(km) 

138 
149 
164 
174 
187 
194 
202 
211 
217 
224 
228 
231 
233 
237 
2 39 
2 39 

D e s  c en t  2 39 
237 
2 35 
231 
227 
223 
2 16 
2 10 
204 
193 
184 
171 
162 
151 
134 
123 
110 
89 

d i R  

dV 
- 

( IO-~A/V) 

-.087 
-.111 -. 058 -. 198 -. 170 -. 285 
-.213 -. 140 
-. 315 -. 286 -. 375 
-.249 -. 359 -. 348 
-.266 -. 348 

-.259 
-.321 
-.361 
-.274 -. 305 
-.216 
-.263 -. 308 
-.282 -. 160 -. 195 
-. 196 -. 060 -. 147 -. 159 -. 115 
-.085 -. 109 

d i R  

dV 

Io = Residual  D r i f t  Current  

- -  - Residual  Current  Slope 

IO 

( ~ o - ~ A )  

3.2 
3.7 
2 .7 
4.9 
4.6 
6 .4  
5 .3  
4.4 
7.3 
7.0 
8.3 
7.3 
9.0 
9.0 
8.2 
9.6 

8.4 
8.6 
9.0 
7.5 
7.6 
5 .8  
6.3 
7.0 
6.4 
4.5 
5.0 
4.9 
2.8 
4.1 
4.4 
3.5 
3.1 
3.2 

EO 

- (ev) 

36.8 
33.1 
46.0 
24.6 
26.7 
22.4 
24.9 
31.4 
23.3 
24.4 
22.2 
29.4 
25.0 
25.9 
20.8 
27.7 

32.4 
26.8 
25.0 
27.4 
24.8 
27.0 
24.1 
22.8 
22.8 
28.1 
25.7 
25.2 
46.6 
28.1 
27.6 
30.6 
36.2 
29.7 

n0 
(cm-3> 

4.4 
5.4 
3 . 3  
8.3 
7.4 

11.4 
8.8 
6.6 

12.8 
11.9 
14.9 
11.4 
15.1 
15.0 
12.4 
15.4 

12.4 
14.0 
15.2 
12.1 
12.8 
9.5 

10.9 
12.4 
11.4 

7.1 
8.4 
8.3 
3.5 
6.6 
7.0 
5.4 
4.3 
5.0 

Jo 
9 2  (10 /cm -see) 

0.40 
0.46 
0.34 
0.61 
0.57 
0.80 
0.67 
0.55 
0.91 
0.87 
1.04 
0.91 
1.12 
1.12 
1.02 
1.20 

1.05 
1.07 
1.12 
0.94 
0.95 
0.72 
0.79 
0.87 
0.80 
0.56 
0.62 
0.61 
0.35 
0.51 
0.55 
0.44 
0.39 
0.40 

= I n t e g r a l  E lec t ron  Flux (E 15 ev) 
JO 

ct = 1  
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CHAPTER V 

DISCUSSION OF THE EXPERIMENTAL RESULTS 

A. I n t r o d u c t i o n  

The primary o b j e c t i v e  of t h i s  d i s s e r t a t i o n  is  t o  p re sen t  experimental ly  

determined e l e c t r o n  energy d i s t r i b u t i o n s  i n  t h e  range of e n e r g i e s  between 

approximately 0 and 15 ev. The r e s u l t s  from t h e  a n a l y s i s  of t h e  cu r ren t -  

v o l t a g e  c h a r a c t e r i s t i c s  obtained wi th  t h e  p u l s e  probe i n  t h e  DC mode of 

ope ra t ion  were g i v e n i n  t h e  two preceding chap te r s .  No at tempt  w i l l  be  

made h e r e  t o  develop a t h e o r e t i c a l  model such t h a t  comparisons can b e  

made wi th  t h e  measured d i s t r i b u t i o n s .  This has been due i n  p a r t  t o  a 

l a c k  of d e t a i l e d  experimental  information concerning t h e  c ros s - sec t ions  

on v a r i o u s  types of i n t e r a c t i o n s .  

I n  t h e  f i r s t  p a r t  of t h i s  chap te r ,  w e  s h a l l  a t tempt  t o  d e f i n e  b r i e f l y  

t h e  type of i n t e r a c t i o n s  t h a t  might b e  considered as important and i n d i c a t e  

as t o  where t h e  experimental  d a t a  is found t o  b e  most wanting i n  t h i s  

regard.  

i n t e r a c t i o n s  and review some of t h e  p a s t  work regarding pho to ion iza t ion  as 

t h e  major sou rce  of gene ra t ing  primary e l e c t r o n s .  

We s h a l l  restrict our  d i s c u s s i o n  t o  only p a r t i c l e - p a r t i c l e  

I n  t h e  la t ter  p a r t  of t h i s  chap te r ,  w e  s h a l l  summarize some of our 

experimental  r e s u l t s  from t h e  p u l s e  probe and draw a few g e n e r a l  

conclusions concerning t h e  experiment. 

B. The Equi l ibr ium Energy D i s t r i b u t i o n s  of Suprathermal E lec t rons  

By t h e  term "suprathermal e l e c t r o n s  " w e  have meant e l e c t r o n s  wi th  

e n e r g i e s  g r e a t e r  t han  approximately 1 ev, without  any p a r t i c u l a r  r e f e r e n c e  

t o  t h e i r  sou rce  of o r i g i n ,  b u t  set a p a r t  from t h e  thermal  e l e c t r o n  gas .  
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I f  t h e  product ion and energy l o s s  of suprathermal  e l e c t r o n s  can b e  

assumed t o  occur l o c a l l y ,  t h e  cond i t ion  f o r  equ i l ib r ium may be w r i t t e n  

as : 

E E + dE 

fco 

) E  
: q(E’)dE’ 

F(E) = 9 

dE 
d t  
- 

(5 .2 )  

where F(E)dE i s  t h e  number of e l e c t r o n s  wi th  e n e r g i e s  between E and 

E + dE, p e r  u n i t  volume, q(E)dE is  t h e  t o t a l  product ion rate of e l e c t r o n s  

i n  t h e  energy i n t e r v a l  E and E -t dE, p e r  u n i t  volume, and - is  t h e  dE 
d t  

energy loss  rate of t h e  e l e c t r o n s .  Equation (5.1) r e q u i r e s  t h a t  t h e  

rate of product ion of e l e c t r o n s  wi th  ene rg ie s  between E and E + dE be 

equa l  t o  t h e  d i f f e r e n c e  i n  t h e  rates a t  which e l e c t r o n s  leave and e n t e r  

t h i s  energy i n t e r v a l  as a r e s u l t  of va r ious  types of energy l o s s e s ,  

such as from c o l l i s i o n s  wi th  o t h e r  p a r t i c l e s .  

Hanson (1963) has i n d i c a t e d  t h a t  f o r  a l t i t u d e s  below approximately 

300 km t h e  product ion and energy l o s s  of f a s t  e l e c t r o n s  can b e  assumed 

t o  t a k e  p l a c e  l o c a l l y .  

of t h e  work t h a t  has  a l r e a d y  been underway on t h e  s u b j e c t  of photo- 

I n  t h i s  s e c t i o n ,  w e  s h a l l  b r i e f l y  review some 

i o n i z a t i o n  and its r e l a t i o n  t o  equat ion (5.2).  

1. Product ion of Suprathermal E lec t rons  

As t h e  i n c i d e n t  s o l a r  r a d i a t i o n  p e n e t r a t e s  t h e  e a r t h ’ s  

atmosphere, i t s  i n t e n s i t y  i s  diminished by i t s  i n t e r a c t i o n s  wi th  t h e  

atmospheric c o n s t i t u e n t s ,  such as s c a t t e r i n g  and abso rp t ion .  When t h e  
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photon energy exceeds t h e  i o n i z a t i o n  p o t e n t i a l  of a p a r t i c u l a r  atom 

o r  molecule,  pho to ion iza t ion  may occur l ead ing  t o  t h e  product ion of 

photoelectrons.  Hinteregger ,  et a l .  (1965) have performed c a l c u l a t i o n s  

f o r  t h e  primary pho to ion iza t ion  rates of N O', and O2 , as a 

func t ion  of a l t i t u d e  between approximately 90 and 350 km. 

+ + 
2 

The r e s u l t s  

show a maximum f o r  t h e  t o t a l  primary product ion rate i n  t h e  r eg ion  of 

Q, 140 km wi th  a v a l u e  of approximately 6 x 10 3 3 ions/cm -sec. 

Dalgarno, e t  a l .  (1963), Hoegy, e t  a l .  (1965), and Shea, et 

a l .  (1968) have given r e s u l t s  of c a l c u l a t i o n s  f o r  t h e  primary photoelectron 

product ion rates as a f u n c t i o n  of pho toe lec t ron  energy f o r  d i f f e r e n t  

a l t i t u d e s .  

e x i s t s  p r a c t i c a l l y  no primary pho toe lec t rons  produced i n  t h e  10 - 40 ev  

energy i n t e r v a l .  The m a j o r i t y  of t h e  pho toe lec t rons  being produced 

have e n e r g i e s  between 60 and 120 ev. Above approximately 150 km, t h e  

product ion spectrum i s  dominated by pho toe lec t rons  produced i n  t h e  

energy i n t e r v a l  of 25 - 35 ev. 

as r e p r e s e n t a t i v e  because of t h e  many u n c e r t a i n t i e s  i n  t h e  c ros s - sec t ion  

d a t a ) .  

The i r  r e s u l t s  i n d i c a t e  t h a t  a t  approximately 120 km t h e r e  

(These va lues  should only b e  considered 

When t h e  e j e c t e d  primary pho toe lec t ron  has  a k i n e t i c  energy 

g r e a t e r  than t h e  i o n i z a t i o n  p o t e n t i a l s  of t h e  atoms o r  molecules i t  

encounters ,  impact i o n i z a t i o n s  may occur ,  l ead ing  t o  t h e  product ion of 

secondary e l e c t r o n s .  These secondar i e s  t h a t  are produced may c o n t r i b u t e  

s u b s t a n t i a l l y  t o  t h e  t o t a l  e l e c t r o n  product ion f u n c t i o n  p a r t i c u l a r l y  f o r  

s h o r t  wavelength pho to ion iza t ions  where t h e  primary pho toe lec t rons  may 

possess  s u f f i c i e n t  e n e r g i e s  t o  produce many secondar i e s .  

Another p o s s i b l e  process  f o r  t h e  product ion of suprathermal  

e l e c t r o n s  is from s u p e r e l a s t i c  c o l l i s i o n s  where e l e c t r o n s  are r a i s e d  
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from t h e  thermal gas through i n t e r a c t i o n s  wi th  e i t h e r  i o n s  o r  n e u t r a l s  

t h a t  are i n  e x c i t e d  o r  m e t a s t a b l e  states. It is  g e n e r a l l y  assumed 

t h a t  t h e  secondar i e s  (we s h a l l  u se  t h i s  t e r m  t o  mean a l l  suprathermal  

e l e c t r o n s  wi th  t h e  except ion of t h e  primary pho toe lec t rons )  have 

r e l a t i v e l y  low e n e r g i e s  ( l e s s  t han  approximately 10 ev) so t h a t  

i o n i z a t i o n s  generated by secondar i e s  are n e g l i g i b l e .  

I f  w e  assume t h a t  pho to ion iza t ion  i s  t h e  dominant sou rce  

of pr imarysuprathermal  e l e c t r o n  product ion,  t h e n  we  may w r i t e  f o r  t h e  

t o t a l  product ion rate as: 

4 = q p + q s  3 

where q and q are t h e  product ion rates of primary pho toe lec t rons  and 

secondary e l e c t r o n s ,  r e s p e c t i v e l y ,  w i th  q ?J q 

P S 

> 
a t  h igh  e n e r g i e s  (E ?J 10 ev ) .  

P 

Thus, one would expect t h a t  a t  h igh  e n e r g i e s  t h e  suprathermal  

energy d i s t r i b u t i o n  should b e  approximately t h e  equ i l ib r ium primary 

pho toe lec t ron  d i s t r i b u t i o n .  Hoegy, e t  a l .  (1965),  Nagy and Fournier  (1965), 

and Shea, e t  a l .  (1968) have performed t h e  c a l c u l a t i o n s  f o r  t h e  

equ i l ib r ium energy d i s t r i b u t i o n s  of pho toe lec t rons ,  using t h e  s o l a r  f l u x  

d a t a  provided by Hinteregger  (1965). 

them i n  Sec t ion  C of t h i s  chap te r .  

t h e  ene rg ie s  of t h e  secondar i e s ,  have remained a r a t h e r  d i f f i c u l t  

problem and up t o  t h e  p r e s e n t  t i m e  have n o t  been completely i n v e s t i g a t e d .  

W e  s h a l l  have occasion t o  d i s c u s s  

Ca lcu la t ions  f o r  q,, as a func t ion  of 

2. Energy Loss Mechanisms 

Hanson and Johnson (1961),  Hanson (1963), and Dalgarno, e t  a l .  

(1963) have d i scussed  t h e  v a r i o u s  energy l o s s  rates f o r  f a s t  e l e c t r o n s  

of d i f f e r e n t  e n e r g i e s  a t  d i f f e r e n t  a l t i t u d e  r eg ions .  They have concluded 

t h a t  f o r  e l e c t r o n s  wi th  e n e r g i e s  above 20 ev, t h e  dominant energy l o s s  
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processes  are through impact i o n i z a t i o n s  and allowed e x c i t a t i o n s  of 

t h e  n e u t r a l  p a r t i c l e s .  The loss  rate decreases  wi th  inc reas ing  

a l t i t u d e  and t h e  asymmetric energy v a r i a t i o n  of t h e  loss  rate shows a 

r e l a t i v e l y  broad maximum which peaks around 100 ev. E l e c t r o n i c  

e x c i t a t i o n  of t h e  n e u t r a l  p a r t i c l e s  w a s  assumed t o  r ep resen t  t h e  

m a j o r  source  of energy loss  f o r  e l e c t r o n s  wi th  ene rg ie s  i n  t h e  range 

of 7 - 20 ev. This l o s s  ra te  aga in  decreases  wi th  inc reas ing  

a l t i t u d e  and t h e  energy dependence monotonically i n c r e a s e s  wi th  t h e  

inc reas ing  of t h e  e l e c t r o n  energy. Due t o  t h e  l ack  of experimental  

d a t a  on t h e  many cross-sec t ions  f o r  t h e  va r ious  i n t e r a c t i o n s ,  t h e  

a n a l y s i s  must n e c e s s a r i l y  be  considered somewhat a r b i t r a r y .  

In  t h e  energy i n t e r v a l  of approximately 1 .7  t o  3.5 ev, 

t h e  dominant energy loss mechanism w a s  taken a s  v i b r a t i o n a l  e x c i t a t i o n  

of N 2 ,  p a r t i c u l a r l y  f o r  t h e  a l t i t u d e  reg ion  below approximately 200 km. 

The cross -sec t ion  d a t a  f o r  v i b r a t i o n a l  e x c i t a t i o n  of N2 shows a 

maximum j u s t  below E Q 2.5 ev. Below approximately 1.7 ev,  t h e  energy 

losses are p r imar i ly  through e las t ic  c o l l i s i o n s  wi th  t h e  ambient 

e l e c t r o n  gas and r o t a t i o n a l  e x c i t a t i o n  of N2.  

E l a s t i c  s c a t t e r i n g  of suprathermal  e l e c t r o n s  by n e u t r a l  p a r t i c l e s  

and p o s i t i v e  ions  are f o r  t h e  most p a r t  n e g l i g i b l e  because of t h e  

r e l a t i v e  mass r a t i o s .  It is  an important  mechanism f o r  t h e  cool ing  of 

t h e  thermal e l e c t r o n s  because of t h e  l ack  of o the r  competing energy l o s s  

processes  wi th  t h e  p o s s i b l e  except ion of r o t a t i o n a l  e x c i t a t i o n  of N 2 .  

For t h e  l o w  energy suprathermal  e l e c t r o n s  (E% 1.7ev) a t  low a l t i t u d e s ,  

t h e  r o t a t i o n a l  e x c i t a t i o n  of N2 may dominate depending on t h e  thermal  

e l e c t r o n  concent ra t ion .  A t  h igh a l t i t u d e s ,  g r e a t e r  than approximately 

< 
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100 km, e las t ic  s c a t t e r i n g  wi th  t h e  e l e c t r o n  gas i s  probably t h e  more 

e f f i c i e n t  process .  

C. Review of t h e  Experimental  Resu l t s  

1. The Secondary D i s t r i b u t i o n  

The dominant c o n t r i b u t i o n  t o  t h e  experimental ly  d e t e c t e d  

secondary c u r r e n t s  are from e l e c t r o n s  wi th  ene rg ie s  between approximately 

1 and 8 ev. These c u r r e n t s  were found t o  b e  exponen t i a l  func t ions  of 

t h e  r e t a r d i n g  probe p o t e n t i a l s  w i th  c h a r a c t e r i s t i c  t e m p e r a t u r e s  between 

approximately 1 t o  3 x 10 K i n  t h e  a l t i t u d e  region between % 120 and 

240 km. Deta i l ed  a n a l y s i s  of t h e  f o r t y  current-vol tage c h a r a c t e r i s t i c s  

i n d i c a t e  t h a t  t h e  secondary energy d i s t r i b u t i o n s  are devoid of any 

40 

v a l l e y s "  o r  'lhumps." There e x i s t s ,  f o r  i n s t a n c e ,  no observable  v a l l e y  11 

between % 2 t o  4 ev t h a t  might b e  suggested by t h e  energy l o s s e s  as a 

r e s u l t  from t h e  v i b r a t i o n a l  e x c i t a t i o n s  of N2 (Hoegy, e t  a l .  1965; Shea, 

e t  a l . ,  1968), j u s t  as t h e r e  appears t o  be no hump n e a r  5 t o  6 ev  as 

might b e  expected from t h e  simultaneous dec rease  of both v i b r a t i o n a l  and 

e l e c t r o n i c  e x c i t a t i o n  energy l o s s e s .  

Another competing energy lo s s  process  f o r  t h e  e l e c t r o n s  i n  t h e  

secondary d i s t r i b u t i o n  i s  through e las t ic  c o l l i s i o n s  w i t h  t h e  ambient 

e l e c t r o n  gas ,  p a r t i c u l a r l y  toward t h e  low energy end and a t  high a l t i t u d e s .  

This process  has  been considered as t h e  major sou rce  of s e l e c t i v e  thermal 

h e a t i n g  of t h e  e l e c t r o n  gas ,  such t h a t  thermal  e l e c t r o n  temperatures exceed t h a t  

of t h e  i o n  and n e u t r a l  temperatures  with t h e  maximum d e v i a t i o n  occur r ing  i n  t h e  

r eg ion  nea r  200 km(Hanson & Johnson, 1961; Hanson, 1963; Dalgarno, e t  a1.,1963). 

When t h e  energy l o s s e s  from elast ic  c o l l i s i o n s  wi th  t h e  ambient 

e l e c t r o n  gas dominate, a formula f o r  t h e  energy l o s s  rate may b e  expressed 
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as (Bu l t e r  and Buckingham, 1962): 

dE ev 
- %  f3 n d t  ( s e c )  ’ (5.3) 

i f  t h e  e n e r g i e s  of t h e  secondar i e s  are much g r e a t e r  t han  t h e  thermal 

ene rg ie s .  The cons t an t  13 % 1.16 x 10 i n  u n i t s  of ev - cm /sec. -4 312 3 

From t h e  Druyvesteyn r e l a t i o n s h i p  as given by equa t ion  (2.18) and wi th  

equa t ion  (5 .2 ) ,  i t  is  r e a d i l y  s e e n  t h a t  

m 

d 2 i  (V) n : -  ‘ q(E/)dE/ . n dV2 e t  
( 5 . 4 )  

J 
eV 

I f  t h e  rate o f  product ion of e l e c t r o n s  is  n e g l i g i b l e  f o r  E<Ea, 

then t h e  c o n t r i b u t i o n  t o  t h e  second d e r i v a t i v e  of t h e  c u r r e n t  from t h e  

equ i l ib r ium d i s t r i b u t i o n  is  a cons t an t  f o r  t h e  r e t a r d i n g  probe p o t e n t i a l s  

v < -  Ea . Thus, t h e  probe c u r r e n t  becomes a q u a d r a t i c  func t ion  of t h e  e 

r e t a r d i n g  probe p o t e n t i a l .  

T h e o r e t i c a l  c o n s i d e r a t i o n s  concerning t h e  energy d i s t r i b u t i o n s  

of t h e  secondar i e s  must begin wi th  an examination of t h e  r e l e v a n t  cross-  

s e c t i o n s  f o r  t h e  product ion of s econdar i e s  e i t h e r  from impact i o n i z a t i o n s  

o r  some o t h e r  process  such as s u p e r e l a s t i c  c o l l i s i o n s .  Although some 

experimental  d a t a  i s  a v a i l a b l e  w i t h  r ega rds  t o  impact i o n i z a t i o n s  by e l e c t r o n s  

wi th  e n e r g i e s  j u s t  above o r  a few t i m e s  t h e  i o n i z a t i o n  p o t e n t i a l s ,  such 

as f o r  N2 ( F i e l d  and F r a n k l i n ,  1957 ;  McDaniel, 1964), t h e  v a r i a t i o n  of 

qs as a f u n c t i o n  of t h e  energy of t h e  secondar i e s  r e q u i r e s  f u r t h e r  

i n v e s t i g a t i o n .  

> 
2. Elec t rons  w i t h  Energies  % 15 ev 

The a n a l y s i s  of t h e  r e s i d u a l  probe c u r r e n t  w a s  performed i n  t h e  
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preceding chap te r  under t h e  approximation t h a t  t h e  e l e c t r o n s  wi th  

e n e r g i e s  g r e a t e r  than % 15 ev possess  a monoenergetic d i s t r i b u t i o n .  

The de r ived  q u a n t i t i e s  w e r e  no,  t h e  concen t r a t ion  f o r  t h i s  high 

energy component, and E = eVo  where Vo corresponds t o  t h e  l i n e a r  

c u r r e n t  i n t e r c e p t  w i th  t h e  zero c u r r e n t  a x i s .  The r e s u l t s  showed 

0 

t h a t  t h e  i n c r e a s e s  observed f o r  t h e  r e s i d u a l  probe c u r r e n t s  as t h e  

a l t i t u d e  inc reased  w e r e  p r i m a r i l y  due t o  t h e  i n c r e a s i n g  of no wi th  

a l t i t u d e  (from % 5 t o  14 electrons/cm ).  

o t h e r  hand, remained r e l a t i v e l y  cons t an t  (% 26 ev) above approximately 

3 The v a l u e s  f o r  Eo,  on t h e  

160 km. 

However, i f  w e  w e r e  t o  cons ide r  pho to ion iza t ion  by t h e  

i n c i d e n t  s o l a r  r a d i a t i o n  as t h e  dominant sou rce  of product ion of t h e s e  

e l e c t r o n s ,  t h e  assumption of an equ i l ib r ium monoenergetic d i s t r i b u t i o n  

can only b e  construed as a g ross  approximation. For an a r b i t r a r y  high 

energy d i s t r i b u t i o n  f u n c t i o n  f ( E ) ,  i t  can b e  r e a d i l y  shown t h a t  t h e  

measured q u a n t i t y  E i s  r e l a t e d  by: 
0 

FE2 

where f (E)  is normalized t o  u n i t y  and E l ,  E2 are t h e  energy l i m i t s  

d e f i n i n g  f(E) .  

r e l a t e d  t o  t h e  "range" of f ( E ) .  

K(E) = f(E)E-' t hen ,  

Thus, Eo i s  a weighted average energy and can b e  

(For i n s t a n c e ,  i f  w e  de f ined  
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f E 2  
K(E)E dE 

J E, 

J. 

A s  a case f o r  i l l u s t r a t i o n ,  cons ide r  an energy d i s t r i b u t i o n  

f u n c t i o n  f ( E )  Q E-', that is, a r e l a t i v e l y  slow dec reas ing  func t ion  of 

energy and le t  us  make some estimates f o r  t h e  v a l u e  of AE = E2 - El .  

Since f o r  t h i s  d i s t r i b u t i o n  func t ion  t h e  expres s ions  i n  equat ion (5.5) 

are e a s i l y  i n t e g r a t e d ,  i t  may b e  r e a d i l y  shown t h a t  i f  w e  take El % 20 ev,  

we  would g e t  f o r  AE Q 1 2  ev, w i t h  t h e  average energy of t h e  e l e c t r o n s  

f o r  t h i s  d i s t r i b u t i o n  E % Eo 

approximately 1 6 0  t o  240 km. Thus, w e  f i n d  t h a t  when w e  t a k e  a d i s t r i b u t i o n  

Q 2 6  ev f o r  t h e  a l t i t u d e  r eg ion  between 

func t ion ,  which i s  a r e l a t i v e l y  s low f u n c t i o n  of energy, t h e  d i s t r i b u t i o n  

range" i s  confined about E w i th  t h e  average energy n e a r  t h e  v a l u e  of Eo. I t  

0 

I f  w e  had i n s t e a d  assumed t h i s  p a r t i c u l a r  d i s t r i b u t i o n  func t ion  f o r  t h e  

a n a l y s i s  of t h e  r e s i d u a l  probe c u r r e n t ,  t h e  r e su l t s  f o r  no, t h e  

concen t r a t ion ,  would n o t  b e  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  monoenergetic 

a n a l y s i s .  

D. Conclusions 

The p u l s e  probe ope ra t ed  i n  t h e  DC mode has  been shown t o  a l a r g e  

degree of success ,  capab le  of d e t e c t i o n  of both t h e  thermal and t h e  

secondary e l e c t r o n  d i s t r i b u t i o n s .  The r e s u l t s  of t h e  thermal e l e c t r o n  

temperatures ,  as determined from t h e  p u l s e  probe measuremencs, can be 

compared wi th  t h a t  ob ta ined  from t h e  Langmuir probe experiment (Figure 5.1). 

The prel iminary r e s u l t s  i n d i c a t e  e x c e l l e n t  agreement above approximately 

160 km. A t  t h e  p re sen t  t i m e ,  i t  i s  n o t  clear why depa r tu re s  occur below 



PAY LOAD 
APOGEE om f-- Fig. 5.1 

m a  

100 I 

COMPARISON BETWEEN PULSE PROBE aT 
8 LANGMUIR PROBE THERMAL .A 

ELECTRON TEMPERATURES m A  
' 'A 

PULSE PROBE 

0 ASCENT (-HETI 

DESCENT (-HETI 

LANGMUIR PROBE 

A ASCENT 

A 
m 

Z .  

A I 
- 

A 

0 m 

A 
A rn 

0 

0 
A 

0 

0 
A 

A 

I I I I I 
I .o I .5 2 .o 2.5 

THERMAL ELECTRON TEMPERATURES I O ~ O K  



Table 5 . 1  THERMAL AND SECONDARY ELECTRON TEMPERATURES 

Altitude 
(km) 

Ascent 120 
126 
138 
149 
164 
1 7 4  
187 
194 
202 
2 1 1  
217 
224 
228 
231 
235 
237 
2 39 

Apogee 239 

Tt (OK) 

1,563 
1 , 3 5 3  
1 ,492 
1 ,591 
1,685 
1 ,890 
2 , 100 

2 ,371 
2,464 
2 ,395 
2 ,325 

2 ,485 
2 ,517 
2 ,525 
2 , 5 2 8  

Ts (OK) 

7,980 
8,117 

12 ,616 
1 2 , 5 0 8  
2 4 , 2 4 3  
23 ,308 
26,170 
26,767 
31,328 
30,553 
27 ,721 
25,607 
30 , 820 
27,907 
28 ,039 
29 ,261 
30 , 308 
31,796 

T~!('K) 

1,422 
1 ,199 
1,390 

1 , 5 9 4  
1 , 7 6 9  
1 ,978 

2 ,239 
2 ,305 
2 ,222 
2 , 165 

2 ,308 
2 ,338 
2,382 
2 ,328 

1,435 

Descent 110 
123 
134 
1 5 1  
162 
17 1 
1 8 4  
193 
2 0 4  
2 1 0  
2 16  
223 
227 
231 
235 
237 
239 

Tt(OK) 

1,576 
1 ,560 
1 , 9 0 1  

2 ,113 
2 ,043 
2,253 
2,160 
2 ,301 
2 , 198 
2 ,294 
2,446 
2 ,474 
2,512 

1 ,933 

Nike-Tomahawk 18.12  March 3 0 ,  1967 
DC Mode 

Tt = thermal temperature 

Ts = secondary temperature 

Tt = thermal temperature corrected for secondary distribution / 

Ts (OK) 

6 , 4 6 2  
10 ,901 
10,050 
19,095 
23,465 

27,334 
31 ,318 
26,426 
27 , 170 
29,642 
32 , 143 
32,601 
33,074 
28 ,714 
28 ,241 
32,547 

22 , 484 

Tt'(OK) 

1,468 
1 , 4 6 1  
1,757 
1 , 8 0 4  
1 ,979 
1 , 9 2 4  
2 , 123 
2,029 
2 , 159 
2,065 
2 , 136 
2,237 
2 , 2 9 1  
2 , 393 
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t h i s  a l t i t u d e .  

I n  o rde r  t o  experimental ly  determine t h e  e l e c t r o n  energy 

d i s t r i b u t i o n  beyond 15 ev, t h e  r e t a r d i n g  p o t e n t i a l  f o r  t h e  probe would 

have t o  be inc reased  p o s s i b l y  t o  t h e  o r d e r  of 40 t o  50 v o l t s ,  based 

on t h e  d i s c u s s i o n  i n  t h e  preceding s e c t i o n .  Inc reas ing  t h e  r e t a r d i n g  

probe p o t e n t i a l  would mean t h a t  t h e  ambient p o s i t i v e  i o n s  would undergo 

much g r e a t e r  a c c e l e r a t i o n  t o g e t h e r  w i th  an i n c r e a s e  i n  t h e  p o s i t i v e  

shea th  dimension a s s o c i a t e d  wi th  t h e  probe. An a l t e r n a t i v e  technique 

would be t o  s h i e l d  t h e  probe sweep from t h e  plasma by moving i t  t o  an 

i n n e r  g r i d  and perform t h e  energy s e l e c t i o n  t h e r e .  The cage would then 

b e  ope ra t ed  a t  some f i x e d  p o t e n t i a l  r e l a t i v e  t o  t h e  v e h i c l e ,  p r e f e r a b l y  

nega t ive  wi th  r e s p e c t  t o  t h e  plasma s o  t h a t  t h e  Druyvesteyn r e l a t i o n s h i p  

remain a p p l i c a b l e .  However, t h e r e  would then b e  a suppres s ion  of t h e  

thermal e l e c t r o n  c o l l e c t i o n .  

i n  t h e  DC mode of o p e r a t i o n  might b e  t o  measure t h e  second d e r i v a t i v e  

of t h e  c u r r e n t  w i th  r e s p e c t  t o  t h e  r e t a r d i n g  probe p o t e n t i a l  e l e c t r o n i c a l l y .  

The p u l s e  technique of measuring e l e c t r o n  concen t r a t ion  has  no t  as 

Another p o s s i b l e  improvement i n  d e t e c t i o n  

y e t  r ece ived  a thorough examination, a l though p re l imina ry  r e s u l t s  have 

been encouraging. Direct concen t r a t ion  measurements can, i n  p r i n c i p l e ,  

be made f o r  both t h e  thermal  and secondary d i s t r i b u t i o n  as a f u n c t i o n  of 

t h e  r e t a r d i n g  probe p o t e n t i a l .  

Recent improvements i n  probe c o n s t r u c t i o n  techniques have permit ted 

the u t i l i z a t i o n  of s p h e r i c a l  p u l s e  probes (launched aboard 14.298 and 

18.30), however, without  a p p r e c i a b l e  r educ t ion  i n  t h e i r  o v e r a l l  dimensions 

o r  i n c r e a s e s  i n  probe t ransparency.  Thus, t h e  requirement t h a t  t h e  

v e h i c l e s  have l a r g e  conduct ive areas i n  d i r e c t  con tac t  w i th  t h e  ambient 

plasma f o r  providing a s t a b l e  p o t e n t i a l  r e f e r e n c e  cont inues t o  e x i s t .  
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The thermal  e q u a l i z a t i o n  probes are c u r r e n t l y  t h e  only experimental ly  

e s t a b l i s h e d  method by which v e h i c l e  t o  plasma p o t e n t i a l  may b e  

cont inuously monitored. Fu r the r  i n v e s t i g a t i o n s  of t h e s e  experiments as 

w e l l  as i n t o  o t h e r  p o s s i b l e  techniques are h igh ly  d e s i r a b l e  (good d a t a  

are a v a i l a b l e  from t h e  thermal e q u a l i z a t i o n  probes on t h e  f l i g h t s  14.164 

and 14.298). 

Aside from encounter ing mechanical f a i l u r e s ,  which i n  some cases 

w e r e  c a t a s t r o p h i c ,  t h e  o v e r a l l  performances from t h e  in s t rumen ta t ion  

packages as w e l l  as t h e  designs f o r  t h e  v a r i o u s  probes have proved t o  

be s a t i s f a c t o r y .  The experimental  r e s u l t s  from t h e  p u l s e  probe 

measurements i n d i c a t e  t h e  fol lowing g e n e r a l  conclusions:  

1) The energy d i s t r i b u t i o n s  of e l e c t r o n s  wi th  ene rg ie s  less 

than 2, 15 ev i n d i c a t e  two d i s t i n c t  popu la t ions ,  t h e  thermal  e l e c t r o n  

gas  and a secondary d i s t r i b u t i o n ,  w i t h  c h a r a c t e r i s t i c  temperatures of 

2, 1.5 t o  2.5 x 10 K and 1 t o  3 x 10 K ,  r e s p e c t i v e l y ,  i n  t h e  a l t i t u d e  

region between approximately 120 t o  240 km. 

30 40 

2 )  The experimental.ly measured r e t a r d e d  probe c u r r e n t s  

r e s u l t i n g  from t h e s e  two d i s t r i b u t i o n s  are exponen t i a l  func t ions  of 

t h e  r e t a r d i n g  probe p o t e n t i a l .  In p a r t i c u l a r ,  v a l l e y s  o r  humps i n  

t h e  secondary energy d i s t r i b u t i o n s  i n  t h e  energy range between 2, 1 and 

8 ev w e r e  n o t  observed. 

3)  The e l e c t r o n  concen t r a t ions  f a r  t h e  secondary d i s t r i b u t i o n  

w e r e  found t o  b e  approximately cons t an t  between 150 t o  240 km wi th  an 

approximate v a l u e  of 150 - 200 e l ec t rons / cm . 3 

> 4 )  A h igh  energy component ( e l e c t r o n s  wi th  E 2, 15 ev) i n  

t h e  e l e c t r o n  d i s t r i b u t i o n  w a s  found t o  have c o n t r i b u t e d  t o  t h e  r e t a r d e d  
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probe c u r r e n t  i n  t h e  range of p o t e n t i a l s  between % 8 and 15 v o l t s  

re la t ive t o  t h e  plasma. The s l o p e s  and magnitudes of t h e  l i n e a r  

r e s i d u a l  probe c u r r e n t s  suggest  t h a t  they have c h a r a c t e r i s t i c  ene rg ie s  

3 of % 26 ev and concen t r a t ions  between % 5 and 14 electrons/cm . 
5)  The v e h i c l e  p o t e n t i a l  measurements as determined from 

t h e  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  i n d i c a t e  v a l u e s  between 

approximately 2 and 2.5 v o l t s  n e g a t i v e  wi th  r e s p e c t  t o  t h e  plasma. 

Since t h e  i n c e p t i o n  of our  i on6sphe r i c  r e sea rch  program i n  

1959, t h e  development of new and d i v e r s e  probing techniques has  

g radua l ly  improved. I n  l i g h t  of t h e  q u a l i t y  of t h e  p re sen t  a v a i l a b l e  

d a t a ,  w e  a n t i c i p a t e  advances toward sys t ema t i c  experimental  e x p l o r a t i o n s  

i n t o  v a r i o u s  ionosphe r i c  cond i t ions  and an improved t h e o r e t i c a l  

understanding of i onosphe r i c  i n t e r a c t i o n s .  
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